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Pretace 


Alcohol use by humans can be traced back to 10,000 sc. Consuming alcohol 
in moderation has many health benefits, including increased longevity. 
Some of these benefits are directly attributable to alcohol, whereas others are 
due to the combined effect of both alcohol and many beneficial phytochem- 
icals present in beer and wine. However, all health benefits of alcohol disap- 
pear with heavy alcohol consumption, and continued excessive intake may 
lead to alcohol abuse disorder. Alcohol abuse is a serious public health con- 
cern worldwide and is a leading cause of mortality and morbidity interna- 
tionally. The World Health Organization’s (WHO) “Global Status Report on 
Alcohol and Health 2014” estimated that in 2012, 3.3 million deaths world- 
wide were attributable to alcohol abuse. WHO estimates that there are 
140 million alcoholics worldwide, and an estimated 18 million alcohol- 
dependent individuals live in the United States. Moreover, it is estimated 
that alcohol dependence and alcohol abuse result in an estimated annual 
cost of $220 billion annually. Therefore, it is important for primary care phy- 
sicians to be able to identify individuals who may be consuming a high 
amount of alcohol and intervene early so that these individuals do not 
develop alcohol use disorder. Alcohol biomarkers play an important role not 
only in identifying such individuals but also in monitoring the progress of 
alcohol rehabilitation therapy in alcohol-dependent patients. 


The aim of this book is to provide a comprehensive overview of alcohol and 
alcohol biomarkers from both a clinical and a laboratory standpoint. 
Chapter 1 discusses alcohol use and abuse along with the benefits of con- 
suming alcohol in moderation. The adverse effects of alcohol abuse are also 
discussed. In addition, issues regarding driving under the influence of alcohol 
are explored. Also in Chapter 1, the “drunken monkey hypothesis” is pre- 
sented, which deals with the potential genetic basis of affinity toward alcohol 
by humans due to dependence of monkeys on ripe fruit as a major dietary 
source millions of years ago. In Chapter 2, the genetic aspects of alcohol 
metabolism are addressed, along with genetic polymorphisms of genes 
encoding alcohol dehydrogenase and aldehyde dehydrogenase that may 


xi 


protect individuals from alcohol abuse disorder. Chapter 3 discusses meth- 
ods of detecting alcohol in various biological fluids (blood, urine, and 
saliva) and breath as well as transdermal alcohol determination, along with 
issues of interference in various methods, if applicable. A brief overview of 
state alcohol biomarkers is provided in Chapter 4. The various state alcohol 
biomarkers are discussed in detail in Chapters 5—9. In Chapter 10, the 
genetic aspect of alcohol abuse is addressed. One unique feature of this book 
is that both the clinical aspects of alcohol biomarkers and the various meth- 
ods for detecting such alcohol biomarkers in the clinical laboratory are 
addressed, including issues of false-positive results due to interference. 
Moreover, at the end of each chapter, an extensive list of references is pro- 
vided for further reading, if desired. 


This book is aimed at clinicians, including primary care physicians, patholo- 
gists, clinical chemists, clinical toxicologists, and laboratory scientists, who 
deal with either the clinical aspect of alcohol abuse or the laboratory aspect 
of determining blood alcohol or alcohol biomarkers in biological fluids. 
Moreover, resident physicians and advanced medical students may find this 
book useful. Physicians and scientists who practice forensic medicine and 
students of forensic medicine may also find this book to be of use because 
alcohol is responsible for many deaths every year, including unnatural deaths 
related to alcohol use. 


I thank my wife Alice for putting up with me during the long evening and 
weekend hours I spent preparing the manuscript. I also thank our depart- 
ment chair Robert L. Hunter, MD, PhD, for his support and encouragement. 
Finally, if readers find this book useful, my hard work will be rewarded. 


Amitava Dasgupta 


CHAPTER 1 


Alcohol 


Use, Abuse, and Issues with Blood Alcohol Level 


1.1 INTRODUCTION 


Alcohol use can be traced back to 10,000 sc. The “drunken monkey hypothe- 
sis,” originally proposed by Professor Robert Dudley of the University of 
California at Berkeley, speculates that the human attraction to alcohol may 
have a genetic basis due to the high dependence of primate ancestors of 
Homo sapiens on fruit as a major source of food. Ethanol produced by yeast 
from fructose diffused out of the fruit and the alcoholic smell helped pri- 
mates identify fruits as ripe and ready to consume. In tropical forests where 
monkeys lived, competition for ripe fruits was intense, and hungry monkeys 
capable of identifying ripe foods and eating them rapidly survived better 
than others. Eventually, “natural selection” favored monkeys with a keen 
appreciation for the smell and taste of alcohol. By the time humans evolved 
from apes approximately 1 to 2 million years ago, fruit consumption was 
mostly replaced by the consumption of roots, tubers, and meat. Although 
human ancestors stopped relying mainly on fruits as diet, it is possible that 
humans’ taste for alcohol arose during our long-shared ancestry with other 
primates. Anecdotally, humans often consume alcohol with food, suggesting 
that this is a natural instinct. For millions of years, the amount of alcohol 
consumed by our ancestors was strictly limited, and the situation did not 
change even 10,000 years ago when humans had knowledge of agriculture 
and could produce plenty of barley and malt, the raw material for fermenta- 
tion. The ancient beers and wines probably contained only 5% alcohol. After 
alcohol distillation was invented in Central Asia in approximately ap 700, 
drinks with higher alcoholic content became available, and the history of 
alcohol abuse by humans began. Alcohol abuse can also be considered as a 
disease of nutritional excess [1]. 
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1.2 ALCOHOL CONSUMPTION: HISTORICAL 
PERSPECTIVE 


The first historical evidence of alcoholic beverages was the archeological 
discovery of Stone Age beer jugs from approximately 10,000 years ago. 
Egyptians probably consumed wine approximately 6000 years ago. The first 
beer was probably brewed in ancient Egypt, and Egyptians used alcoholic 
beverages (both beer and wine) for pleasure, rituals, and medical and nutri- 
tional purposes. The earliest evidence of alcohol use in China dates back to 
5000 sc, when alcohol was produced mainly from rice, honey, and fruits. A 
Chinese imperial edict from approximately 1116 sc made it clear that the 
use of alcohol in moderation was the key and was prescribed from the hea- 
vens. In ancient India, alcohol beverages were known as “sura,” a favorite 
drink of Indra, the king of all gods and goddesses. Use of such drinks was 
known in 3000—2000 sc, and ancient Ayurvedic texts concluded that alcohol 
was a medicine if consumed in moderation but a poison if consumed in 
excess. Beer was known to Babylonians as early as 2700 sc. In ancient 
Greece, wine making was common in 1700 sc. Hippocrates identified 
numerous medicinal properties of wine but was critical of drunkenness [2]. 


In ancient civilization, alcohol was used primarily to quench thirst because water 
was contaminated with bacteria. Hippocrates specifically cited that water from 
only springs and deep wells and from rainfall was safe for human consumption. 
Beer was a drink for common people, whereas wine was the preferred drink of 
elites. Drinking alcoholic beverages for thirst quenching was less common in 
ancient Eastern civilizations than in Western civilizations because drinking tea 
was very popular in Asian countries. During boiling of water to prepare tea, all 
pathogens die, thus making tea drinking a safe and healthy practice [3]. 


Yeast can be used to produce alcoholic beverages with up to 15% alcohol con- 
tent. To prepare alcoholic beverages with higher alcohol content, distillation 
was needed, which probably originated in Asia. The distillation process 
became common in Europe only during the 11th century and later. During 
early American history, colonialists showed little concern about drunkenness, 
and the production of alcoholic beverages was a major source of commerce. 
In 1791, however, the “whiskey tax” was introduced, which was a tax on both 
privately and publicly brewed distilled whiskey. The whiskey tax was repealed 
by President Thomas Jefferson in 1802, but a new alcohol tax was temporarily 
imposed between 1814 and 1817 to pay for the War of 1812. In 1862, 
President Abraham Lincoln introduced an alcohol tax to pay for Civil War 
expenses. The act also created the office of Commissioner of Internal Revenue. 
In 1920, alcohol was prohibited in the United States, but Congress repealed 
the law in 1933. In 1978, President Jimmy Carter signed a bill legalizing 
home brewing of beer for personal use—the first time since prohibition [4]. 
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1.3 ALCOHOL CONTENT OF VARIOUS ALCOHOLIC 
BEVERAGES 


Alcohol content of alcoholic beverages varies widely; for example, beer con- 
tains approximately 4—7% alcohol, whereas the average alcohol content of 
vodka is 40—50%. However, due to wide differences in serving sizes of vari- 
ous alcoholic beverages, one drink (often called one standard drink) is con- 
sidered to contain approximately 0.6 oz of alcohol, which is equivalent to 
14g. In the United States, a standard drink is defined as a bottle of beer 
(12 oz) containing 5% alcohol; 8.5 oz of malt liquor containing 7% alcohol; 
a 5-oz glass of wine containing 12% alcohol; 3.5 oz of fortified wine such as 
sherry or port containing approximately 17% alcohol; 2.5 oz of cordial or 
liqueur containing 24% alcohol; or one shot of distilled spirits such as gin, 
rum, vodka, or whiskey (1.5 oz). In general, the average bottle of beer con- 
tains 0.56 oz of alcohol, whereas a standard wine drink may contain 0.66 oz 
and distilled spirits may contain up to 0.89 oz of alcohol [5]. The alcohol 
content of various popular beverages is given in Table 1.1. 


Historically, the alcohol content of various drinks was expressed as “proof,” a 
term that originated in the 18th century when British sailors were paid with 
money as well as rum. To ensure that the rum was not diluted with water, it 
was “proofed” by dousing gunpowder with it and setting it on fire. If the 
gunpowder failed to ignite, this indicated that the rum was diluted with 
excess water. A sample of rum that was 100 proof contained approximately 
57% alcohol by volume. In the United States, proof to alcohol by volume is 
defined as a ratio of 1:2. Therefore, a beer that has 4% alcohol by volume is 
defined as 8 proof. In the United Kingdom, alcohol by volume to proof is a 
ratio of 4:7. Therefore, multiplying alcohol by volume content by a factor of 
1.75 will provide the “proof” of the drink. 


Table 1.1 Alcohol Content of Various Drinks 


Beverage 


Alcohol Content (%) 


4-7 
7—14 

8—14 

14—24 
10-75 
10-50 
0—49 
10-80 
15—50 
10-44 


Standard U.S. beer 
Table wine 
Sparkling wine 
Fortified wine 
Whiskey 

Vodka 

Gin 

Rum 

Tequila 

Brandies 











1.6.6 Alcohol Abuse 
Increases the Risk of 


Certain Cancers .......... 22 
1.6.7 Fetal Alcohol 
Syndrome... 23 


1.6.8 Alcohol Abuse and 
Reduced Life Span...... 24 
1.6.9 Alcohol Abuse and 
Violent Behavior/ 


HOMICIAC......1.cccceseceeeeee 25 
1.6.10 Alcohol 
POISONING weeeseceeseeseeeeeee 26 
1.7 Blood Alcohol 
Level ......cceeee 27 


1.7.1 Alcohol Odor on 
Breath and Endogenous 
Alcohol Production......29 


1.8 Conclusions..30 


References .......... 30 


CHAPTER 1: Alcohol 


Currently in the United States, the alcohol content of a drink is measured by 
the percentage of alcohol by the volume. The Code of Federal Regulations 
requires that alcoholic beverage labels must state the alcohol content by vol- 
ume. The regulation permits but does not require the “proof” of the drink to 
be printed. In the United Kingdom and in European countries, the alcohol 
content of a beverage is expressed also as the percentage of alcohol in the 
drink. Alcoholic drinks primarily consist of water, alcohol, and variable 
amounts of sugars and carbohydrates (residual sugar and starch left after fer- 
mentation); there are negligible amounts of other nutrients, such as proteins, 
vitamins, and minerals. However, distilled liquors such as cognac, vodka, 
whiskey, and rum contain no sugars. Red wine and dry white wines contain 
2—10 g of sugar per liter, whereas sweet wines and port wines may contain 
up to120 g of sugar per liter of wine. Beer and dry sherry contain 30 g of 
sugar per liter [6]. 


1.4 GUIDELINES FOR ALCOHOL CONSUMPTION 


The U.S. Department of Agriculture (USDA) and the Center for Nutrition 
Policy and Promotion publish “Dietary Guidelines for Americans.” The latest 
2010 guidelines define consumption of alcohol as follows: 


= Recommended moderate consumption: Up to 1 standard drink per day 
for women and up to 2 standard drinks per day for men. However, 
individuals 65 years of age or older (both men and women) should 
consume only 1 standard drink per day. 

= Heavy or high-risk drinking: Consumption of more than 3 standard 
drinks in any day or more than 7 standard drinks in 1 week for 
women. For men, consumption of 4 drinks a day or more exceeding 
14 drinks per week is considered high-risk drinking. 

= Binge drinking: This is defined as consumption of 4 or more drinks in a 
2-hr period for women and 5 or more drinks in a 2-hr period for men. 


In the United States, approximately 50% of adults consume alcohol on a reg- 
ular basis, and another 14% are infrequent drinkers. An estimated 9% of 
men consume more than two drinks per day, and an estimated 4% of 
women consume more than one drink per day. Of those who consume alco- 
hol, 29% report binge drinking within the past month, usually on multiple 
occasions. Excessive drinking is hazardous to health. Therefore, individuals 
who cannot restrict their drinking to moderate consumption should not con- 
sume alcohol at all. Other people who should not consume alcohol are 
listed in Box 1.1 [7]. 


Drinking more than the recommended amount can cause serious problems 
because the health benefits of drinking in moderation disappear quickly with 


1.4 Guidelines for Alcohol Consumption = 


BOX 1.1 INDIVIDUALS WHO SHOULD NOT CONSUME 
ALCOHOL 


ndividuals younger than 21 years old m Individuals taking prescription or over- 
the legal drinking age in the United the-counter medicine that may interact 
States) with alcohol 

ndividuals who cannot restrict their Individuals who plan to drive, operate 
drinking to a moderate level machinery, or take part in an activity 
Pregnant women and women who want requiring attention, skill, or coordination 
o become pregnant: No safe level of or who are in situations in which 
alcohol consumption during pregnancy impaired judgment may cause injury or 
has been established death [e.g., swimming) 








the consumption of more than three or four drinks per day. Alcohol abuse is 
a leading cause of mortality and morbidity internationally and is ranked by 
the World Health Organization (WHO) as one of the top five risk factors for 
disease burden. Without treatment, approximately 16% of all hazardous or 
heavy alcohol consumers will progress to become alcoholics [8]. Heavy con- 
sumption of alcohol leads to not only increased domestic violence, decreased 
productivity, and increased risk of motor vehicle as well as job-related acci- 
dents, but also to increased mortality from liver cirrhosis, stroke, and cancer. 
Alcohol overdose may also cause death. 


Binge drinking is defined as heavy consumption of alcohol within a short 
period of time with the intention of becoming intoxicated. The National 
Institute of Alcohol Abuse and Alcoholism defines binge drinking as con- 
suming an amount of alcohol needed to reach a blood alcohol level of 
0.08%, which commonly represents 5 standard alcoholic beverages for men 
or 4 alcoholic beverages for women consumed within a 2-hr period. For 
younger drinkers, binge drinking increases the risk of short- and long-term 
blackouts, vehicle accidents, sexual assaults, homicide, and altered brain 
development. Despite the adoption by all states of a legal age for alcohol 
consumption of 21 years, binge drinking among U.S. high school seniors is a 
serious problem. Surveys indicate that 10.5% have consumed 10—14 drinks 
and 5.6% have consumed 15 or more drinks on one occasion [9]. Patrick 
et al. noted that between 2005 and 2011, 20.2% of high school seniors 
reported drinking 5 or more drinks on one occasion, 10.5% reported con- 
suming 10 or more drinks, and 5.6% reported extreme binge drinking 
involving the consumption of 15 or more drinks at least once in the past 
2 weeks. The authors concluded that binge drinking involving the consump- 
tion of 5 or more drinks on one occasion was common among high school 
seniors representative of all 12th graders throughout the United States [10]. 
Many college freshmen also consume alcohol at levels far beyond the binge 
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drinking threshold. Approximately 1 in 5 males consumed 10 or more drinks 
and approximately 1 in 10 females consumed 8 or more drinks at least once 
during the previous 2-week period during a survey [11]. In another study, 
based on a survey of 14,150 binge drinkers, the authors found that 74.4% of 
binge drinkers consumed beer exclusively or predominantly, and at least 
80.5% of binge drinkers consumed some beer. Wine accounted for only 
10.9% of binge drinks consumed [12]. 


Alcohol is involved in many fatal car accidents. According to the U.S. 
Highway National Traffic Safety Administration, there were 12,998 fatalities 
related to alcohol use in 2007, which accounted for 31.7% of total traffic 
fatalities for the year. In addition, drivers between 16 and 24 years of age 
accounted for 23% of all alcohol-related fatal crashes. Alcohol-related fatal 
crashes involving female drivers have increased over time, but male drivers 
continue to surpass female drivers in the number of these traffic accidents. 
Restraint use during driving, such as the use of seat belts, decreased with 
increased blood alcohol level [13]. Excessive alcohol consumption is the 
cause of an average of 79,000 deaths annually, making alcohol abuse 
the third leading preventable cause of death in the United States. Moreover, 
the economic cost of excessive alcohol consumption is estimated to be 
$223.5 billion annually, as estimated in 2006 [14]. California is the largest 
alcohol market in the United States, and Californians consumed approxi- 
mately 14 billion alcoholic drinks in 2005, resulting in an estimated 9439 
deaths and 921,029 alcohol-related problems such as crime and injury. The 
economic burden was estimated to be $38.5 billion, of which $5.4 billion 
was for medical and mental health spending, $25.3 billion due to loss of 
work, and $7.8 billion for criminal justice spending [15]. In the United 
Kingdom, alcohol consumption was responsible for 31,000 deaths in 2005, 
and the National Health Services spent an estimated 3 billion pounds in 
2005 and 2006 for treating alcohol-related illness and disability. Alcohol 
consumption was responsible for approximately 10% of disabilities [16]. 


1.5 BENEFITS OF DRINKING IN MODERATION 


Consuming alcohol in moderation (up to two drinks per day for males, up 
to one drink per day for females, and up to one drink per day for both males 
and females 65 years of age or older) has many health benefits, including 
increased longevity. These health benefits are summarized in Box 1.2. Some 
of these benefits are attributable to alcohol, whereas many are due to the 
combined effect of alcohol and many beneficial phytochemicals present in 
beer and wine. More than 400 different phytochemicals are present in beer; 
some of these compounds originate from raw materials, whereas others are 
generated during the fermentation process. Melatonin is generated during the 


1.5 Benefits of Drinking in Moderation 


BOX 1.2 BENEFITS OF CONSUMING ALCOHOL 
IN MODERATION 


m Reduced risk of cardiovascular diseases Reduced risk of developing age-related 
including myocardial infarction dementia and Alzheimer’s disease 
Reduced risk of stroke Reduced risk of certain types of cancer 
Reduced risk of developing metabolic Reduced risk of forming gallstone 
syndrome Reduced risk of developing arthritis 
Reduced risk of developing type 2 Increased longevity 
diabetes Less chance of getting common cold 





brewing process. Beers with higher alcoholic content usually have higher 
amounts of melatonin [17]. More than 1600 phytochemicals are present in 
wine prepared from grapes [18]. 


1.5.1 Moderate Alcohol Consumption and Reduced Risk 
of Cardiovascular Disease 


The beneficial effect of moderate alcohol consumption in reducing the risk 
of various cardiovascular diseases has been well characterized. The relation- 
ship between alcohol consumption and cardiovascular diseases was exam- 
ined in the original Framingham Heart Study, which showed a U-shaped 
curve with a reduced risk of developing cardiovascular diseases with moderate 
drinking but a higher risk of developing such diseases with heavy drinking. 
Smoking is a risk factor for developing coronary heart disease, but moderate 
alcohol consumption may provide some protection against developing this 
disease among smokers [19]. An American Cancer Society prospective study 
of 276,802 American men found that during a period of 12 years, the rela- 
tive risk (RR) of total mortality was 0.88 for occasional drinkers, 0.84 for 
those who drank one drink per day, and 1.38 for those who drank six or 
more drinks per day compared to nondrinkers. Interestingly, the risk of car- 
diovascular disease was mostly reduced in people who consumed one alco- 
holic beverage per day (RR = 0.79). This group also demonstrated the lowest 
all-cause mortality (RR = 0.84) among all groups studied [20]. 


Diabetic patients have a higher risk of developing cardiovascular disease. 
Moderate consumption of alcohol can help these patients to reduce this risk. 
In the Physician’s Health Study, which involved 87,938 U.S. physicians 
(2970 diagnosed with diabetes mellitus) who were free of myocardial infarc- 
tion, stroke, cancer, and liver disease on baseline and followed for an average 
of 5.5 years, it was observed that weekly consumption or daily consumption 
of alcohol reduced the risk of cardiovascular diseases in both diabetic and 
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nondiabetic subjects [21]. Interestingly, women may receive a beneficial 
effect of alcohol from consuming lower amounts as well as consuming it less 
frequently than men. In a study of 28,448 women and 25,052 men between 
50 and 65 years of age who were free of cardiovascular diseases at the time 
of enrollment in the study, during a 5.7-year follow-up, it was observed that 
women who consumed alcohol at least one day per week had a lower risk of 
coronary heart disease than those who drank alcohol less than one day a 
week. However, little difference was found between women who consumed 
at least one drink per week and women who consumed two to four drinks 
per week, five or six drinks per week, or even seven drinks per week. For 
men, lowest risk was found for those who consumed one drink per day. The 
authors concluded that for women, alcohol consumption can reduce the risk 
of heart disease and the frequency of drinking may not be an important fac- 
tor, but for men drinking frequency is the determining factor in preventing 
heart disease [22]. Schroder et al. reported that consumption of up to 20g 
alcohol per day through drinking wine, beer, and spirits significantly decrease 
the adjusted risk of myocardial infarction, but higher alcohol intake did not 
reduce the risk. The authors concluded that moderate alcohol consumption 
independent of the type of alcoholic beverages was associated with a reduced 
risk of nonfatal myocardial infarction [23]. 


Moderate alcohol consumption can not only reduce the risk of myocardial 
infarction but also provide protective effects against heart failure. In the 
Cardiovascular Health Study, which included 5595 subjects (age 65 years or 
older), it was observed that the risk of heart failure was reduced both in indivi- 
duals who drank 1—6 drinks per week (hazard ratio (HR) = 0.82) and in indivi- 
duals who drank 7—13 drinks per week (HR = 0.66). In addition, it was 
observed that moderate alcohol consumption reduced the risk of heart failure 
even in individuals who experienced myocardial infarction. The authors con- 
cluded that moderate alcohol use is associated with a lower incidence of conges- 
tive heart failure among older adults even after accounting for the incidence of 
myocardial infarction and other factors [24]. Another report based on a study of 
1154 participants (580 men and 574 women) in Winnipeg, Manitoba, Canada, 
indicated that the well-established relationship between reduced risk of cardio- 
vascular disease and moderate consumption of alcohol may not be evident 
until middle age (35—49 years) or older (50—64 years) in men. However, 
women may benefit from moderate consumption of alcohol at a much younger 
age (18—34 years). The beneficial effects of alcohol consumption are negated 
when alcohol is consumed in a heavy episodic drinking pattern (8 or more 
drinks per occasion), especially for middle-aged and older men [25]. 


There are several hypotheses on how moderate drinking can reduce the risk of 
developing heart disease (Box 1.3). Many studies have demonstrated increased 
high-density lipoprotein (HDL) cholesterol levels in drinkers compared to 
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BOX 1.3 HYPOTHESES ON HOW MODERATE ALCOHOL 
CONSUMPTION REDUCES THE RISK OF HEART DISEASE 


Increasing high-density lipoprotein m Reduction in risk of blood clotting 
cholesterol concentration m Reduced fibrinogen level 
Decreasing low-density lipoprotein m Antioxidant effect of beer and wine 
cholesterol concentration 

Reduced plaque formation in coronary 

arteries 





nondrinkers. The Honolulu Heart Study showed that men who consumed 
alcoholic beverages had a higher blood level of HDL cholesterol than that in 
nondrinkers. Gordon et al. reviewed data from 10 different studies, including 
the Honolulu Heart Study, and observed that there was a positive correlation 
between the amount of alcohol consumed and the serum level of HDL choles- 
terol. In the male population between ages 50 and 69 years, the average HDL 
cholesterol level was 41.9 mg/dL in those who consumed no alcohol, 
47.6 mg/dL in those who consumed up to 16.9 g of alcohol per day (a single 
drink is 14 g of alcohol), 50.7 mg/dL in those who consumed 16.9—42.2 g of 
alcohol (one to three drinks) per day, and 55.3 mg/dL in those who consumed 
42.3—84.5 g of alcohol (three to six drinks) per day [26]. In another study, the 
authors observed that the HDL cholesterol level in blood was increased by up 
to 33% in social drinkers compared to nondrinkers. A small experiment also 
revealed an average 15% reduction in HDL cholesterol levels among social 
drinkers who abstained from alcohol for a 2-week period [27]. In females, 
light drinking (one drink or fewer per day) was associated with a lower blood 
level of low-density lipoprotein (LDL) cholesterol and a higher level of HDL 
cholesterol [28]. Alcohol also diminishes thrombus formation on damaged 
walls of the coronary artery due to inhibition of platelet aggregation mediated 
through inhibiting phospholipase A, [29]. In 2013, Jones et al. commented 
that the effect of moderate alcohol consumption on lipid status or clotting 
does not fully explain the cardioprotective effect of alcohol. Exaggerated car- 
diovascular responses to mental stresses are detrimental to cardiovascular 
health. Using 88 healthy adults, Jones et al. demonstrated that alcohol con- 
sumption was inversely related to responses of heart rate, cardiac output, vas- 
cular resistance, and mean blood pressure provoked by stress (Montreal 
Imaging Stress Task). However, high alcohol consumers had larger cortisol 
(measured as salivary cortisol) stress responses than moderate alcohol consu- 
mers. The authors concluded that moderate alcohol consumption is associated 
with reduced cardiac responsiveness during mental stress, which has been 
linked to a lower risk of vascular diseases and hypertension among habitual 
drinkers. However, heavy alcohol consumption may negate such benefit due 
to greater cortisol stress response [30]. 
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1.5.2 Is Red Wine More Effective than other Alcoholic 
Beverages for Protecting the Heart? 


Studies indicate that the increased level in HDL cholesterol in blood may 
explain 50% of the protective effect of alcohol against cardiovascular disease 
and the other 50% may be partly related to inhibition of platelet aggregation 
and the antioxidant effect of various alcoholic beverages. Although alcohol is 
capable of increasing HDL cholesterol level and can inhibit platelet aggregation, 
polyphenolic antioxidant compounds found in abundance in red wine can fur- 
ther reduce platelet activity via other mechanisms. In addition, the polyphenolic 
compounds found in red wine can increase the level of vitamin E, thus provid- 
ing further protection against various diseases. Therefore, it appears that red 
wine is more protective against cardiovascular diseases than are other alcoholic 
beverages [31]. Significant research to understand the epidemiological phenom- 
enon known as the “French paradox” (a low incidence of cardiovascular dis- 
eases in the French population despite regular consumption of diet relatively 
rich in saturated fats, which is postulated to be a high-risk factor) indicates that 
the superiority of red wine in reducing the risk of cardiovascular diseases com- 
pared to other alcoholic beverages may be attributable to grape-derived poly- 
phenols such as resveratrol in red wine [32]. It has been postulated that 
resveratrol (3,5,4’-trihydroxy-trans-stilbene), a polyphenol compound that is 
abundant in red wine in contrast to white wine, beer, or spirits, plays an impor- 
tant role as an antioxidant, and its inhibition of platelet aggregation may 
explain the increased cardioprotection from consuming red wine compared to 
other alcoholic beverages [33]. However, white wine can also provide cardio- 
protection due to the presence of tyrosol and hydroxytyrosol (both phenolic 
antioxidants) [34]. Using a pig model, Vilahur et al. observed that beer intake 
reduces oxidative stress and apoptosis and improves cardiac performance [35]. 


1.5.3 Moderate Consumption of Alcohol and Reduced 
Risk of Stroke 


Another beneficial effect of consuming alcohol in moderation is a reduction in 
the risk of stroke among both men and women, regardless of age or ethnicity. 
The Copenhagen City Heart Study, which included 13,329 eligible men and 
women aged 45—84 years with a 16-year follow-up, indicated a U-shaped rela- 
tionship between intake of alcohol and risk of stroke. People who consumed 
alcohol at low to moderate levels experienced a protective effect of alcohol 
against stroke, but heavy consumers of alcohol were at higher risk of suffering 
from a stroke compared to moderate drinkers or nondrinkers. However, there 
was no association between reduced risk of stroke and drinking beer or spirits, 
and only moderate consumption of wine was associated with a reduced risk of 
stroke [36]. In the second examination of the Copenhagen City Heart Study, 
involving 5373 men and 6723 women with a 16-year follow-up, it was 
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observed that in individuals who experienced a high level of stress, weekly total 
consumption of 1—14 drinks was associated with lower risk of stroke in both 
men and women compared to individuals who also experienced a high level of 
stress but consumed no alcohol. However, no clear association was observed 
between risk of stroke and moderate consumption of alcohol in individuals 
who had a lower stress level. In addition, this study reported that drinking only 
beer or wine reduced the risk of stroke in individuals with a high stress level. It 
was suggested that alcohol may also alter psychological response to stress in 
addition to modifying physiological response [37]. Based on a study of 21,870 
male physician participants (Physicians’ Health Study) with an average follow- 
up of 12.2 years, Berger et al. concluded that light to moderate alcohol con- 
sumption reduced the overall risk of stroke and the risk of ischemic stroke in 
men. The benefit was apparent with as little as 1 drink per week, but greater 
consumption of alcohol did not increase the observed benefit [38]. Based on a 
prospective cohort study that included 45,449 Swedish women aged 30—50 
years who were free of stroke and heart disease during enrollment and with an 
average follow-up of 11 years, Lu et al. observed that light (20 g of alcohol per 
week) to moderate alcohol consumption (20—69.9 g per week), regardless of 
alcoholic beverage type, reduced the risk of stroke in women younger than 60 
years of age, especially in those who had never smoked. Smoking increased the 
risk of stroke, especially ischemic stroke, among women [39]. 


1.5.4 Moderate Consumption of Alcohol and Reduced Risk 
of Developing Metabolic Syndrome and Type 2 Diabetes 


Metabolic syndrome or syndrome X was first described in 1988 by Gerald 
Reaven, who proposed the existence of a new syndrome characterized by 
insulin resistance, hyperinsulinemia, hyperglycemia, dyslipidemia, and arte- 
rial hypertension. Following this description of X syndrome, it became a 
major subject of research and public health concern. Individuals with this 
syndrome have a higher risk of coronary artery disease, stroke, and type 2 
diabetes. The American Heart Association/National Heart, Lung, and Blood 
Institute criteria for metabolic syndrome include three or more of the follow- 
ing risk factors: 


= Central obesity (waist circumference: 40 in. or more in men, 35 in. or 
more in women) 

a Insulin resistance (fasting glucose >100 mg/dL) 

= Elevated triglycerides (>150 mg/dL) 

a Reduced HDL cholesterol (<40 mg/dL for men, <50 mg/dL for 
women) 

a Elevated blood pressure (130 mmHg for systolic or >85 mmHg for 
diastolic) or drug treatment for hypertension. 
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Other risk factors for metabolic syndrome include genetic makeup, advanced 
age, lack of exercise, and hormonal changes. Weight control, daily exercise, 
and healthy food habits are the primary goal of therapy. There is controversy 
regarding whether moderate alcohol consumption may reduce the risk of 
developing metabolic syndrome. In a study of 4505 Korean men without 
metabolic syndrome at baseline, Kim et al. observed that during 3 years of 
follow-up, the overall incidence of metabolic syndrome was 7.0% in non- 
drinkers, 10.3% in light drinkers, 13.8% in moderate drinkers, and 15.6% in 
heavy drinkers. The authors concluded that Korean men should restrict alco- 
hol consumption to less than 15 g per day [40]. In contrast, in a prospective 
study of 7483 Caucasian men who were free of metabolic syndrome and car- 
diovascular diseases at baseline, Stoutenberg et al. observed that during 
follow-up clinical examination between 1979 and 2005, compared to no 
alcohol consumption, all levels of alcohol consumption (1—3 drinks per 
week to more than 14 drinks per week) provided a significant inverse associ- 
ation with the incidence of metabolic syndrome, although the multivariant 
hazard ratio was most favorable for moderate drinkers (0.68; 95% confi- 
dence interval: 0.57, 0.80) who consumed 4—7 drinks per week [41]. 


Moderate consumption of alcohol reduces the risk of developing type 2 dia- 
betes. Based on 15 studies conducted in the United States, Finland, the 
Netherlands, Germany, the United Kingdom, and Japan involving 369,862 
men and women with an average follow-up of 12 years, light drinkers and 
moderate drinkers had a lower risk of developing type 2 diabetes compared 
to nondrinkers. It made little difference whether an individual consumed 
beer, wine, or spirits, and it was better to consume alcohol frequently (e.g., 
daily or several times per week) rather than occasionally. The authors con- 
cluded that observational studies suggest an approximately 30% reduced risk 
of developing type 2 diabetes in moderate alcohol consumers, whereas no 
risk reduction was observed in heavy alcohol consumers (>48 g per day) 
[42]. In the Finnish twin study, in which twins with different drinking pat- 
terns (22,778 twins) were followed for 20 years, it was observed that moder- 
ate alcohol consumption (half a drink to two drinks (5—29.9 g) per day) for 
men and half to one and a half drinks (5—19.9 g) per day) for women) was 
associated with a lower risk of developing type 2 diabetes compared to light 
alcohol consumption (less than half a drink (<5 g) per day). Overweight 
subjects (body mass index =25.0 kg/m’) received more beneficial effect 
from moderate alcohol consumption because the risk of developing diabetes 
was lower in overweight men and women who consumed alcohol than in 
nondrinkers. On the other hand, binge drinking and high alcohol consump- 
tion possibly increased the risk of type 2 diabetes in women, especially lean 
women, but it affected men to a lesser extent [43]. Based on a review of 20 
studies, Baliunas et al. observed a U-shaped relationship between alcohol 
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consumption and the risk of developing type 2 diabetes, where moderate 
alcohol consumption decreases the risk but heavy alcohol consumption 
increases the risk [44]. 


1.5.5 Moderate Alcohol Consumption and Reduced Risk 
of Dementia/Alzheimer’s Disease 


Moderate alcohol consumption can dramatically reduce the risk of age- 
related dementia and Alzheimer’s disease. In a French study involving 3777 
community residents aged 65 years or older, the authors observed that the 
subjects who consumed three or four alcoholic beverages (mostly wine) per 
day had an odds ratio (OR) of 0.18 for the incidence of dementia and an 
OR of 0.25 for Alzheimer’s disease compared to nondrinkers. In mild drin- 
kers (fewer than one or two drinks per day), there was a negative association 
only with Alzheimer’s disease [45]. Mitchell et al. demonstrated that brain 
cultures preconditioned with moderate alcohol concentrations are resistant 
to neurotoxic Alzheimer’s amyloid-8 peptides. The mechanism of neuropro- 
tection by moderate levels of alcohol consumption is probably related to 
early increases in NR1, NR2B, and NR2C subunits of N-methyl-p-aspartate 
(NMDA) receptors [46]. However, chronic abusers of alcohol are at higher 
risk of developing memory loss, dementia, and lack of appropriate motor 
control due to alcohol-related brain damage. Younger people, especially 
underage drinkers, are at higher risk of alcohol-related brain damage because 
alcohol has detrimental effects on the developing adolescent brain. 


1.5.6 Association between Moderate Alcohol Consumption 
and Reduced Cancer Risk 


Moderate consumption of alcohol may reduce the risk of certain types of 
cancer. It has been suggested that moderate drinking facilitates the elimina- 
tion of Helicobacter pylori, which causes chronic atrophic gastritis (CAG) and 
gastric cancer. Gao et al., in a study of 9444 subjects aged 50—74 years, 
observed that moderate drinkers (<60 g of alcohol per week or four drinks 
per week) had a significantly reduced chance of developing CAG compared 
to nondrinkers. Both beer and wine consumption provided protection 
against CAG. In addition to facilitating the elimination of H. pylori, other 
mechanisms may also have contributed to reducing the risk of CAG in mod- 
erate drinkers [47]. In the California Men’s Health Study, which involved 
84,170 men aged 45—69 years, consumption of one or more drinks of red 
wine per day was associated with an approximately 60% reduction in lung 
cancer risk, ever in smokers. In addition, even heavy smokers benefited from 
consuming red wine in moderation. No clear association was observed 
between moderate drinking in individuals who consumed white wine, beer, 
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or other liquors [48]. In another study, it was observed that although moder- 
ate consumption of wine (one drink or fewer per day) was associated with a 
reduced risk of developing lung cancer (RR = 0.78), moderate consumption 
of beer (one or more drinks per day) increased the risk of developing lung 
cancer (RR= 1.23) in men but not in women [49]. Jiang et al. reported that 
people who consumed beer and wine but not spirits in moderation had a 
reduced risk of developing bladder cancer compared to nondrinkers [50]. 
Consumption of up to one drink per day reduced the risk of head and neck 
cancer in both men and women, but consuming more than three alcoholic 
beverages increased the risk of developing cancer [51]. In an Italian study, it 
was observed that moderate consumption of alcohol reduced the risk of 
developing renal cell carcinoma in both males and females [52]. However, 
based on a meta-analysis of 222 studies comprising approximately 92,000 
light drinkers and 60,000 nondrinkers with cancer, Bagnardi et al. observed 
that light drinking was associated with the risk of oropharyngeal cancer 
(RR= 1.17), esophageal squamous cell carcinoma (RR= 1.30), and female 
breast cancer (RR=1.05). The authors estimated that worldwide, 5000 
deaths from oropharyngeal cancer, 24,000 deaths from esophageal squamous 
cell carcinoma, and 5000 deaths from breast cancer were attributable to light 
drinking in 2004 [53]. However, based on a systematic literature review, 
Menezes et al. commented that although moderate to heavy consumption of 
alcohol increased the risk of developing cancer of the oral cavity and phar- 
ynx, esophagus, stomach, larynx, colorectum, central nervous system, pan- 
creas, breast, and prostate, no association was found between alcohol 
consumption and risk of developing lung, bladder, endometrium, and ovar- 
ian cancer. Alcohol consumption may be inversely related to the develop- 
ment of thyroid cancer [54]. 


1.5.7 Can Moderate Alcohol Consumption Prolong Life? 


Because moderate consumption of alcohol can prevent many diseases, 
including the number one killer, the cardiovascular diseases, it is expected 
that moderate drinkers may live longer than lifetime abstainers from alcohol. 
In a study of 10,576 African American and 105,610 Caucasian postmeno- 
pausal women with an 8-year follow-up, Freiberg et al. demonstrated that 
moderate drinking (one to less than seven drinks per week) was associated 
with lower mortality among both hypertensive and nonhypertensive 
Caucasian women, but among African American women, only those who 
were hypertensive received benefit from moderate drinking. Consumption of 
only one drink or more per month was associated with increased longevity 
among Caucasian hypertensive and nonhypertensive women as well as 
among African American hypertensive women [55]. Klatsky et al. studied 10- 
year mortality in relation to alcohol in 8060 subjects and observed that 


1.5 Benefits of Drinking in Moderation a 


persons who consumed two drinks or fewer daily fared best and had signifi- 
cant reductions in mortality rate compared to nondrinkers. The heaviest drin- 
kers (six or more drinks per day) had a much higher mortality rate than 
moderate drinkers, whereas people who consumed three to five drinks per 
day had a similar mortality rate to that of nondrinkers. Therefore, consuming 
two drinks or fewer per day is the best practice [56]. In the Physicians’ 
Health Study, which involved a 10-year follow-up of 22,071 male physicians 
in the United States between ages 40 and 84 years with no history of myocar- 
dial infarction, stroke, or cancer, the authors observed that men who con- 
sumed two to six drinks per week had more favorable results compared to 
those who consumed one drink per week. In contrast, men who consumed 
more than two drinks per day had higher mortality than those who con- 
sumed just one drink per week [57]. A study from the Netherlands reported 
that in the presence of stress, moderate drinkers were less likely to be absent 
from work than nondrinkers [58]. A 9-year prospective study indicated that 
moderate consumption of alcohol was associated with the most favorable 
health scores, indicating that these people in general enjoy a better overall 
health quality of life than abstainers [59]. 


1.5.8 Moderate Alcohol Consumption and Reduced Risk 
of Arthritis 


Moderate alcohol consumption reduces the risk of developing rheumatoid 
arthritis. Results from two Scandinavian studies indicated that among moder- 
ate drinkers, the risk of rheumatoid arthritis was significantly reduced. 
Smokers had a higher risk of developing rheumatoid arthritis. The authors 
concluded that smokers should be advised to quit smoking in order to 
reduce the risk of developing arthritis, but moderate drinkers should not be 
discouraged from sensible alcohol consumption [60]. Moderate alcohol con- 
sumption not only reduces the risk of developing rheumatoid arthritis but 
also may slow the progression of disease. In a study of 2908 patients with 
rheumatoid arthritis, Nissen et al. reported that occasional or daily consump- 
tion of alcohol slowed the progression of the disease based on radiological 
studies (X-ray). The best results were observed in male patients [61]. 


1.5.9 Moderate Alcohol Consumption and Reduced Chance 
of Getting the Common Cold 


The relationship between moderate alcohol consumption and reduced risk of 
the common cold has been studied. In one study, the authors observed that 
smokers are at greater risk of developing the common cold than nonsmokers. 
In addition, moderate alcohol consumption reduced the incidence of the 
common cold among nonsmokers but had no protective effect against the 
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common cold in smokers [62]. In a large study of 4272 faculty and staff of 
five Spanish universities, the investigators observed that total alcohol intake 
from drinking beer and spirits had no protective effect against the common 
cold, whereas moderate wine consumption was associated with a reduced 
risk of the common cold. When individuals consumed 14 or more glasses of 
wine per week, the relative risk of developing the common cold was reduced 
(RR = 0.6) in these individuals compared to teetotalers. It was also observed 
that consumption of red wine provided superior protection against the com- 
mon cold. The authors concluded that wine consumption, especially red 
wine, may have a protective effect against the common cold [63]. 


1.6 ADVERSE HEATH EFFECTS RELATED TO ALCOHOL 
DEPENDENCE 


Many studies have demonstrated the harmful effects of alcohol on a variety 
of organ systems. Alcoholic liver disease and alcoholic liver cirrhosis are seri- 
ous health hazards of alcohol abuse. Alcohol abuse affects multiple organ 
systems, including the brain, heart, bone, immune system, and endocrine 
system. Major adverse effects of chronic alcohol consumption include 
decreased life span; increased risk of violent behavior; alcoholic liver dis- 
eases, including cirrhosis of liver; mood disorder; and significantly increased 
risk of various cancers. Alcohol consumption during pregnancy may be asso- 
ciated with poor outcome of pregnancy, including fetal alcohol syndrome. 


1.6.1 Liver Diseases and Cirrhosis of the Liver Associated 
with Alcohol Abuse 


In the United States, approximately 60% of the general population admits to 
alcohol use, with 8—10% reporting heavy drinking (two or more drinks per 
day). Alcohol abuse is a leading cause of global morbidity and mortality, 
with the bulk of the alcohol-related disease burden resulting from alcoholic 
liver disease. Alcohol is a hepatotoxin if consumed in excess. In addition, 
alcohol consumption can potentiate other liver disease, such as viral hepatitis 
infection and non-alcoholic fatty liver disease. Alcoholic liver disease encom- 
passes a wide range of diseases, including simple steatosis, inflammation, 
fibrosis, and eventually cirrhosis of the liver. Heavy drinking for only a few 
days may produce fatty change in the liver (steatosis) that is reversed after 
abstinence. Steatosis may be present in 90% of heavy drinkers. However, 
drinking heavily for a longer period may cause more severe alcohol-related 
liver injuries, such as alcoholic hepatitis. The prognosis for alcoholic hepatitis 
is variable, with a nearly 100% survival in mild cases, but mortality may 
occur in more severe cases. Individuals who continue to abuse alcohol may 
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develop fibrosis and eventually cirrhosis. In general, 20—40% of patients 
with steatosis may eventually develop fibrosis; of these patients, 8—20% may 
develop liver cirrhosis. Women are at greater risk of developing alcoholic 
liver disease. Obesity as well as smoking may increase the risk of alcoholic 
liver disease [64]. 


The amount of alcohol consumed is one of the determining factors in the 
development of alcoholic hepatitis and liver cirrhosis. In one report, the 
authors commented that cirrhosis of the liver does not develop below a life- 
time ingestion of 100 kg of alcohol (1 standard drink is approximately 14 g of 
alcohol, so this is the equivalent of a lifetime consumption of 7143 drinks). 
This amount corresponds to an average of five drinks a day for approximately 
4 years. The authors also commented that consuming alcohol with food 
lowers the risk of developing cirrhosis of the liver compared to alcohol con- 
sumption on an empty stomach [65]. Although only a small percentage of 
alcohol-dependent individuals develop alcoholic hepatitis and liver cirrhosis, 
other alcohol-related liver damage occurs at a much lower intake of alcohol. 
In general, it is considered that the threshold of alcohol-induced liver toxicity 
is 40 g of alcohol per day (approximately 3 drinks per day) for men and 30 g 
(more than 2 drinks per day) for women for at least 5 years. However, based 
on a study of 6917 subjects, one report concluded that the alcohol consump- 
tion threshold for the risk of any alcohol-induced liver damage (non-cirrhotic 
liver damage) may be just 30 g (slightly more than 2 standard drinks) per day 
for both males and females with a lifetime drinking threshold of 100 kg of 
alcohol. In addition, the risk of liver cirrhosis, as expected, increases with 
increasing daily consumption, with the highest risk observed with alcohol 
consumption of more than 120 g per day. Drinking outside mealtimes and 
drinking multiple different alcoholic beverages increased the risk of alcohol- 
induced liver damage [66]. Walsh and Alexander commented that above a 
threshold of 7—13 drinks per week for women and 14—27 drinks per week for 
men, there is a risk of developing some alcohol-related liver problems. The 
greater sensitivity of women toward alcohol toxicity may be related to genetic 
predisposition of the pattern of metabolism of alcohol in women, in whom 
more oxidative by-products of alcohol are formed compared to men. 
Consumption of coffee may protect males against alcohol-induced liver 
damage, but no such data are available for females [67]. 


Hepatitis C is a liver disease caused by the hepatitis C virus. It is estimated 
that approximately 4 million Americans are infected with the hepatitis C 
virus and between 10,000 and 12,000 die annually. Hepatitis C infection is 
common among alcohol abusers, and this infection may even accelerate 
alcohol-related liver diseases, including cirrhosis of the liver and liver cancer. 
Therefore, whether or not a person infected with hepatitis C virus should 
consume alcohol is a controversial issue. In one study, the authors observed 
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that moderate alcohol consumption of 31—50 g per day (22—342 drinks) for 
males and 21—50 g per day (1/2—3% drinks) for females could adversely 
affect the progression of liver damage [68]. 


The mechanism of alcohol-induced liver disease is complex. Whereas in 
moderate drinkers, alcohol is metabolized mostly by alcohol dehydroge- 
nase in the liver, in alcoholics CYP2E1, a member of the cytochrome P450 
drug-metabolizing family of enzymes in the liver, becomes activated. In 
this process, reactive oxygen species are generated. Hydroxyethyl radicals are 
probably involved in the alkylation of proteins found in hepatocytes. The 
formation of nitric oxide and elevated concentrations of stable metabolites, 
nitrites, and nitrates have been documented in alcoholics [69]. Singh et al. 
observed a significant positive correlation between +4-glutamyl transferase 
(GGT) and plasma malondialdehyde (a marker of lipid peroxidation) 
levels in alcoholics, indicating that alcoholics experienced increased oxida- 
tive stress. Moreover, reduced glutathione (an antioxidant enzyme) levels 
were depleted in alcoholics compared to controls [70]. In addition, 
acetaldehyde—a toxic product of alcohol metabolism if not removed 
quickly by further metabolism—may cause liver toxicity. In alcoholics, due 
to the tremendous burden of alcohol on the liver for metabolism, acetalde- 
hyde and the reduced form of nicotinamide adenine dinucleotide (NADH) 
accumulation occurs, leading to oxidative stress to the liver and increased 
production of fatty acids. Metabolism of fatty acids is also impaired, caus- 
ing their buildup in the liver, where they are eventually turned into fat (tri- 
glycerides) by the liver. With continued alcohol consumption, fatty liver 
may proceed to liver cirrhosis. Another mechanism of liver damage by alco- 
hol is the excess cytokine production by Kupffer cells of the liver due to the 
release of bacterial endotoxin in the blood by the action of excess alcohol 
on bacteria present in the gut. 


1.6.2 Alcohol Abuse and Neurological Damage 


Although alcohol can cause relaxation and mild euphoria with moderate 
consumption, these pleasurable effects are reversed with blood alcohol levels 
greater than 100 mg/dL (0.1%). Alcohol has more damaging effects on the 
adolescent brain than on the adult brain. The commencement of alcohol 
consumption at an early age (13 years or younger) has devastating effects on 
the brain that may last a lifetime. There is also a link with a greater risk of 
alcohol dependence in adult life. Thiamine deficiency is one of the major fac- 
tors involved in alcohol-related brain damage, and both alcohol and its toxic 
metabolite acetaldehyde exert toxic effects on neurons. Underage drinkers are 
also susceptible to immediate ill effects of alcohol use, such as blackouts, 
hangovers, and alcohol poisoning. These individuals are also at higher risk of 
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neurodegeneration, impairment of functional brain activity, and neurocogni- 
tive deficits. Because adolescent drinking induces brain structure abnormali- 
ties, these changes lead to poor memory, impaired study habits, poor ability 
to learn, and poor academic performance [71]. Based on data from 8661 
respondents to a survey in a 10-year study, Harford et al. concluded that edu- 
cation beyond high school has a protective effect against alcohol abuse and 
dependence. In contrast, people who do not attend college may also have a 
higher risk of alcohol abuse compared to people who do attend college [72]. 
Studies also show that children of alcoholics constitute a population at risk 
for skipping school days, poor performance, and dropping out of school. 
Children of alcoholics also have a higher incidence of repeating a grade [73]. 


Women are more susceptible to alcohol-related neurological damage than 
men. In particular, the female adolescent brain is more vulnerable to alcohol 
exposure that a male adolescent brain. Adolescents with alcohol abuse disor- 
der have smaller prefrontal cortex volumes compared to those of healthy 
adolescents. The prefrontal cortex is located in the cortical region of the fron- 
tal lobe and is a crucial area of the brain responsible for planning complex 
cognitive behaviors such as learning, critical thinking, working with informa- 
tion held mentally, rational judgment, expression of personality, and appro- 
priate social behavior. Consistent with the adult literature, alcohol use 
during adolescence is associated with prefrontal volume abnormalities, 
including differences in white matter; girls are affected more than boys by 
the adverse effects of alcohol [74]. 


Although the commencement of alcohol consumption at an early age carries 
a much higher risk of alcohol dependence and brain damage with long- 
lasting effects into adulthood, starting to drink at age 21 years followed by 
chronic abuse of alcohol can also cause significant damage to the human 
brain. The two major alcohol-related brain disorders are alcoholic 
Korsakoffs syndrome and alcoholic dementia. Korsakoff's syndrome is a 
brain disorder caused by a deficiency of thiamine, and major symptoms are 
severe memory loss, false memory, lack of insight, poor conversation skills, 
and apathy. Some heavy drinkers may also have a genetic predisposition to 
developing this syndrome. In Korsakoff’s syndrome, loss of neurons is a 
common feature, including microbleeding in certain regions of gray matter 
[75]. When Wernicke’s encephalopathy accompanies Korsakoff's syndrome 
in an alcoholic, the disorder is called Wernicke—Korsakoff syndrome. 
Wernicke’s encephalopathy and Korsakoff syndrome are two related dis- 
eases; both are caused by thiamine deficiency, but clinical symptoms may 
be different. Alcoholics with Korsakoffs syndrome always have severe 
amnesic syndrome but may not have classical symptoms of Wernicke’s 
encephalopathy, which include ophthalmoplegia, ataxia, and confusion. 
However, patients with Wernicke—Korsakoff syndrome show most of the 
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symptoms found in both diseases. Damage to the anterior nucleus of the 
thalamus is commonly found in patients with Korsakoffs syndrome but 
may also be present in patients with Wernicke’s encephalopathy. The ante- 
rior nucleus of the thalamus is involved in learning and memory as well as 
in the alertness of an individual. The Royal College of Physicians in 
London recommends that patients admitted to hospital who show evidence 
of chronic misuse of alcohol and poor diet should be treated with B vita- 
mins [76]. Paparrigopoulos et al. reported a case in which a 52-year-old 
man with a 10-year history of heavy alcohol abuse was admitted to hospital 
and treated aggressively for Wernicke—Korsakoff syndrome with 600 mg 
per day oral thiamine supplement in addition to 300 mg of thiamine deliv- 
ered intravenously every day; the patient fully recovered 2 months after 
therapy [77]. In addition to the development of Korsakoff’s syndrome or 
Wernicke—Korsakoff syndrome, thiamine deficiency in chronic alcohol abu- 
sers is a major cause of alcohol-induced brain damage. Mild to moderate 
thiamine deficiency plays a role in the neurodegeneration observed in 
chronic alcoholics, and thiamine metabolism may also be altered in 
non-Wernicke’s encephalopathy alcoholics. However, amnesic syndrome 
typical for Wernicke’s encephalopathy is mainly due to damage in the 
diencephalic—hippocampal circuitry, including thalamic nuclei and mam- 
millary bodies. The loss of cholinergic cells in the basal forebrain region 
may eventually cause decreased cholinergic input to the hippocampus and 
cortex, resulting in reduced choline acetyltransferase and acetylcholinester- 
ase activity and function as well as acetylcholine downregulation within 
these brain regions [78]. 


Binge drinkers, both male and female, are at higher risk of developing 
alcohol-related brain damage. Chronic exposure to the high amounts 
of alcohol that are ingested during binge drinking leads to stimulation of 
NMDA receptors and calcium receptors that results in increased release of 
glucocorticoids (stress molecules such as cortisol that affect carbohydrate 
metabolism). NMDA-mediated mechanisms and glucocorticoid actions on 
the hippocampus are associated with brain damage. In addition, ethanol 
withdrawal becomes more difficult for binge drinkers [79]. Alcohol-related 
brain damage and loss of cognitive functions may be reversible, at least in 
part, if the brain damage is not permanent and the alcoholics can success- 
fully complete a rehabilitation program and practice complete abstinence. 
Chronic alcoholism is often associated with brain shrinkage, but this may be 
reversed, at least in part, when abstinence is maintained, as demonstrated by 
Trabert et al. in a study of 28 male patients with severe alcohol dependence. 
Even with 3 weeks of abstinence, increased brain tissue densities were 
observed in these subjects [80]. 


1.6 Adverse Heath Effects Related to Alcohol Dependence fan 
CASE REPORT 1.1 


A 42-year-old patient was admitted to the hospital for his 
slowly progressive impairment in recent memory; during the 
6 months before admission, his supervisor had recognized 
that his memory disturbance was becoming worse. 
Neuropsychological tests on admission showed an immediate 
verbal memory decline. His laboratory tests were unremark- 
able except for slightly elevated levels of aspartate and ala- 
nine aminotransferase as well as triglycerides, suggestive of 
fatty liver, but thiamine levels were within the normal range. 
His memory improved during the hospital stay, and he was 
discharged with a low-dosage antidepressant (25 mg/day of 
maprotiline hydrochloride}. One year after admission, he con- 
fessed that he had a history of alcohol abuse for several 


years (two drinks per day for several years but six drinks per 
day for 1 year prior to hospital admission). The diagnosis 
made by Asada et al. was that the patient was suffering from 
reversible alcohol-related dementia. However, he abstained 
from alcohol after discharge from the hospital. Initial studies 
using fluorodeoxyglucose-positron tomography 
(FDG-PET}, an advanced imaging technique, indicated that 


emission 


glucose metabolism had slowed in the brain of the patient; 
glucose is the only fuel that brain cells can use. A 5-year fol- 
low-up study using PET imaging indicated that glucose 
metabolism in the brain had recovered to the normal level, 
and the patient showed dramatically improved cognitive func- 
tions [81]. 


1.6.3 Alcohol Abuse and Increased Risk of Cardiovascular 


Disease and Stroke 


Although alcohol consumed in moderation can reduce the risk of both cardio- 
vascular diseases and stroke, consuming more than three drinks per day (any 
type of beverage) may be harmful to the heart. Chronic alcohol abuse for sev- 
eral years may result in alcoholic cardiomyopathy and heart failure, systematic 
hypertension, heart rhythm disturbances, and hemorrhagic stroke [82]. 
Alcoholics who consume 90 g or more of alcohol per day (7 or 8 drinks) for 
5 years are at high risk of developing alcoholic cardiomyopathy; if they continue 
to consume alcohol, cardiomyopathy may proceed to heart failure, a potentially 
fatal medical condition. Without complete abstinence, 50% of these patients 
will die within 4 years of developing heart failure [83]. Heavy drinking also 
increases the risk of stroke, particularly the risk of hemorrhagic stroke. In one 
study, it was observed that the risk of hemorrhagic stroke increased in an indi- 
vidual who drank 300 g or more of alcohol weekly (21 or more drinks) [84]. 


1.6.4 Alcohol Abuse and Damage to the Immune System 


Alcohol abuse is associated with an increased risk of bacterial and viral infection 
due to impairment of the immune system by alcohol. Exposure to alcohol can 
result in reduced cytokine production. Mast cells are important immune cells 
that are widely distributed in tissues that are in contact with the external envi- 
ronment, such as skin, mucosa of lung, and the gastrointestinal tract. Mast cells 
produce a variety of compounds, including cytokines, histamine, eicosanoids, 
and tumor necrosis factor-a, which play important roles in defense against bac- 
teria and parasites. Alcohol reduces the viability of mast cells and may cause cell 
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death. Alcohol-induced reduction in the viability of mast cells may contribute 
to impaired immune system associated with alcohol abuse [85]. Alcohol also 
accelerates disease progression in patients with HIV infection because of immu- 
nosuppression. In a study of 231 patients with HIV infection who were under- 
going antiretroviral therapy, it was observed that consumption of two or more 
drinks per day could cause a serious decline in CD4™ cell count (higher CD4* 
counts indicate a good response to therapy) [86]. 


Adult respiratory distress syndrome (ARDS) is a severe form of lung injury. 
Approximately 200,000 individuals develop ARDS in the United States each year, 
and nearly 50% of these patients have a history of alcohol abuse. The mortality 
rate from ARDS is high (>40%), but it is especially high for alcohol abusers 
(~65%). In ARDS survivors, alcohol abuse was also associated with longer stays 
under ventilation in intensive care units. Alcohol impairs immune function and 
decreases pulmonary antioxidant capacity and thus may cause ARDS [87]. 


1.6.5 Alcohol Abuse and Damage to the Endocrine System 
and Bone 


Alcohol abuse can have adverse effects on the human endocrine system. 
It may lead to a disease known as pseudo-Cushing’s syndrome, which is 
indistinguishable from Cushing’s syndrome and characterized by excess pro- 
duction of cortisol causing high blood pressure, muscle weakness, diabetes, 
obesity, and a variety of other physical disturbances. Diminished sexual func- 
tion in alcoholic men has been described for many years. Administration of 
alcohol in healthy young male volunteers caused a diminished level of tes- 
tosterone. Consuming three or more drinks per day may cause significant 
problems in women, including delayed ovulation or failure to ovulate and 
menstrual problems; however, such problems were not noticed in women 
who consumed two or fewer drinks per day. This may be related to alcohol- 
induced estrogen levels in women. Alcoholic women often experience repro- 
ductive problems. However, these problems may resolve when women prac- 
tice abstinence from alcohol. To form healthy bone calcium, phosphorus 
and the active form of vitamin D are essential. Chronic consumption of alco- 
hol may reduce bone mass through a complex process of inhibition of hor- 
monal balance needed for bone growth, including testosterone in men, 
which is diminished in alcoholics. Alcohol abuse may also interfere with 
pancreatic secretion of insulin, causing diabetes [88]. 


1.6.6 Alcohol Abuse Increases the Risk of Certain Cancers 


Epidemiological research has demonstrated a dose-dependent relationship 
between consumption of alcohol and certain types of cancers. The strongest 
link was found between alcohol abuse and cancer of the mouth, pharynx, 
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larynx, and esophagus. An estimated 75% of all esophageal cancers are 
attributable to chronic alcohol abuse, whereas nearly 50% of cancers of the 
mouth, pharynx, and larynx are associated with chronic heavy consumption 
of alcohol. Prolonged drinking may result in alcoholic liver disease and cirrho- 
sis of the liver, and such disease can progress to liver carcinoma. However, 
there are only weak links between alcohol abuse and cancer of the colon, 
stomach, lung, and pancreas. Disease of the pancreas (pancreatitis) and gall- 
stones are common among alcohol abusers. In alcoholics, endotoxin may be 
released from gut bacteria by the action of excess alcohol, and such process 
may trigger progression of acute pancreatitis into chronic pancreatitis. Chronic 
pancreatitis may lead to pancreatic cancer [89]. The relationship between 
moderate alcohol consumption and the risk of breast cancer is controversial 
and there are conflicting reports in the medical literature. One Spanish study 
of 762 women between 18 and 75 years of age showed that even one drink 
per day may increase the risk of breast cancer, and women who consumed 
20 g or more of alcohol per day (1⁄2 drinks or more) had a 70% greater chance 
of developing breast cancer than nondrinkers [90]. In contrast, another study 
reported that women who consumed 10—12 g of wine per day (one glass of 
wine) had a lower risk of developing breast cancer compared to nondrinkers. 
However, the risk of breast cancer increases in women who have more than 
one drink per day [91]. Based on a review of 11 reports on the association 
between alcohol consumption and the risk of developing breast cancer, 
Nagata et al. concluded that epidemiological evidence of the link between the 
two remains insufficient [92]. 


1.6.7 Fetal Alcohol Syndrome 


Fetal alcohol syndrome due to prenatal alcohol exposure was first reported 
by Jones and Smith in 1973 [93]. Since then, many publications have docu- 
mented the teratogenic effects of alcohol in both human and animal stud- 
ies. This syndrome is the most common noninherited cause of mental 
retardation in the United States. “Fetal alcohol spectrum disorders” was a 
term coined in 2004 to convey that exposure of the fetus to alcohol pro- 
duces a continuum of effects and that many infants who do not fulfill all 
criteria for the diagnosis of fetal alcohol syndrome may nevertheless be pro- 
foundly negatively impacted throughout their lives due to exposure to alco- 
hol. Therefore, fetal alcohol spectrum disorders include a wide range of 
permanent birth defects due to maternal consumption of alcohol during 
pregnancy, which also includes all serious complications in infants born 
with fetal alcohol syndrome. Other medical terminology used in relation 
to birth defects in infants whose mothers consumed alcohol during preg- 
nancy include partial fetal alcohol syndrome, fetal alcohol effect, alcohol- 
related neurodevelopmental disorders, and alcohol-related birth defects. 
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Approximately 10—48 of every 10,000 children born in the United States 
have fetal alcohol syndrome, and as many as 91 out of 10,000 babies born 
have fetal alcohol spectrum disorder [94]. 


1.6.8 Alcohol Abuse and Reduced Life Span 


Whereas moderate drinking is associated with increased longevity, alcohol 
abuse is associated with all-cause decreased longevity compared to that for 
abstainers. Even occasional heavy drinking may be detrimental to health. 
Dawson reported an increased risk of mortality among individuals who usu- 
ally drank more than 5 drinks per occasion but consumed alcohol less than 
once per month [95]. Irregular heavy drinking even once a month (5 or 
more drinks per occasion) increases the risk of heart disease rather than pro- 
tecting the heart as observed in moderate drinkers. The cardioprotective effect 
of moderate drinking also disappears when light to moderate drinking is 
mixed with occasional episodes of heavy drinking [96]. A British study of 
5766 men aged 35—64 years with a 21-year follow-up observed that 
although compared to nondrinkers, individuals who consumed 8—14 stan- 
dard alcohol drinks per week had slightly lower all-cause mortality, men 
who consumed more than 15 standard alcoholic beverages per week had a 
significantly higher risk of dying from all causes compared to nondrinkers. In 
addition, individuals who consumed more than 35 units per week had twice 
the risk of mortality compared to nondrinkers [97]. In a study of 20,765 
drinkers with a 14-year follow-up during which 2547 people died, Breslow 
and Graubard observed that among men who consumed five or more drinks 
per drinking session, the adjusted RR of mortality from cardiovascular dis- 
eases was 1.30, that for cancer was 1.53, and that for other causes was 1.42 
compared to those for men who consumed just one standard drink per day. 
The risk of mortality was also increased to some extent with the consump- 
tion of two drinks per day or more for males. Women drinkers who con- 
sumed two drinks or more in a session also showed all-cause higher 
mortality than moderate drinkers (one or fewer drinks per day). Among 
men, both quantity and frequency of drinking were significantly associated 
with mortality from cardiovascular disease, cancer, and other causes; among 
women, the quantity of alcohol was more important, and those who drank 
more than moderately showed a higher risk of mortality from cancer than 
did men [98]. The London-based Whitehall II cohort study, which involved 
10,308 government employees aged 35—55 years with an 11-year follow-up, 
also concluded that optimal drinking is once or twice per week to daily con- 
sumption of one drink or fewer. People who consumed alcohol twice a day 
or more had an increased risk of mortality compared to those who consumed 
it once or twice per week [99]. Binge drinking is also hazardous. A study of a 
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population of 1641 men who consumed beer found that the RR of all-cause 
death was 3.10 and that of fatal myocardial infarction was 6.50 for men who 
consumed six or more bottles of beer per session compared to men who con- 
sumed less than three bottles of beer per session [100]. Another study of 
13,251 adults reported that individuals who consumed five or more drinks 
in a single session were significantly more likely to die from injuries than 
were persons who drank fewer than five drinks in a single session. Persons 
who consumed nine or more drinks in a single session had a much higher 
risk of dying from injuries compared to people who consumed less than five 
drinks [101]. 


In addition to increased mortality from various diseases, alcohol abuse is 
associated with increased risk of suicide, accidents, and violent crimes. Based 
on a survey of 31,953 school students, Schilling et al. observed that both 
drinking while depressed and episodic heavy drinking were associated with 
self-reported suicide attempts in adolescents [102]. Swahn et al. reported that 
in a high-risk school district in the United States, 35% of seventh graders 
reported alcohol abuse starting at age 13 years or younger. Preteen alcohol 
users were more involved in violent behavior than were nondrinkers. Early 
alcohol use was also associated with higher risk of suicide attempts among 
these adolescents [103]. 


1.6.9 Alcohol Abuse and Violent Behavior/Homicide 


Many investigators have reported a close link between violent behavior, 
homicide, and alcohol intoxication. Studies conducted on convicted 
murderers suggest that approximately half of the murderers were under 
heavy influence of alcohol at the time of the murder [104]. When con- 
sumed in large quantities, alcohol may induce aggression and violent 
behavior by disrupting normal brain function. By impairing the normal 
information processing capability of the brain, a person can misjudge a 
perceived threat and may react more aggressively than warranted. 
Serotonin, a neurotransmitter, is considered to be a behavioral inhibitor. 
Alcohol abuse may lead to decreased serotonin activity, causing aggres- 
sive behavior. High testosterone concentrations in criminals have been 
associated with violent crimes. Adolescents and young adults with higher 
levels of testosterone compared to the general population are more 
often involved in heavy drinking and consequently violent behavior. 
Young men who exhibit antisocial behavior often “burn out” with older 
age due to a decreased level of testosterone and an increased level of 
serotonin. By modulating serotonin and testosterone concentration, 
alcohol may induce aggressive and violent behavior when consumed in 
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excess [105]. Alcohol abuse by a husband may be related to husband-to- 
wife marital violence. Studies have shown a link between alcohol abuse 
by a husband before marriage and husband-to-wife aggression in the first 
year of marriage. The most violence abuse occurs in the first year of mar- 
riage in cases in which the husband was a heavy drinker before marriage 
and the wife was not [106]. 


1.6.10 Alcohol Poisoning 


Drinking excessive alcohol on one occasion may cause alcohol poisoning, 
which if not treated promptly may be fatal. In general, drinking one or two 
standard alcoholic beverages produces a blood alcohol level appropriate for 
relaxation and mood elevation, but some impairment may occur at a level 
near or higher than the legal limit for driving while intoxicated (0.08% 
whole blood alcohol). Higher blood alcohol level leads to worsening of sen- 
sorimotor impairment, vomiting, respiratory depression, stupor, and coma 
(Table 1.2). In general, alcohol poisoning occurs at a blood alcohol level of 
0.35% or higher, but a blood alcohol concentration greater than 0.25% 
(250 mg/dL) may place the patient at a higher risk of coma. Children and 
alcohol-naive individuals may experience toxicity at a blood alcohol concen- 
tration less than 100 mg/dL, whereas alcoholics may demonstrate significant 
impairment only at a blood alcohol level greater than 300 mg/dL [107]. 
Celik et al. reported that postmortem blood alcohol levels ranged from 136 
to 608 mg/dL in 39 individuals who had died due to alcohol overdose. Most 
of these deceased were male [108]. The mechanism of death from alcohol 
poisoning is usually paralysis of respiratory and circulatory centers in the 
brain causing asphyxiation. 


CASE REPORT 1.2 


After consuming multiple mixed alcoholic beverages at an showed a very high blood alcohol level of 350 mg/dL, which 
off-campus party, a 21-year-old college student suddenly may be sufficient to cause coma, respiratory depression, 
became disoriented, developed slurred speech, vomited, and even death. However, other toxicology tests were nega- 
and became unresponsive. He was transferred to the tive. The serum osmolality was elevated to 338 mOsm/kg, 
emergency department and on admission did not respond which was consistent with alcohol poisoning. Moreover, the 
to voice commands and required repeated noxious stimuli anion gap (30 mEq/L) was also elevated due to the high 
for eye opening. On arrival at the emergency department, blood alcohol level. He was treated with supportive therapy 
his Glasgow Coma Scale score was 8. Bedside cardiac in the intensive care unit and survived, but he did not recall 
monitoring was initiated, which showed sinus tachycardia. the event. He was referred to an outpatient alcohol 
His blood chemistry results were unremarkable, but he counseling program [109]. 


Table 1.2 Physiological Effects of Various Blood Alcohol Levels 


Blood Alcohol 
Level 


0.02—0.05% 
(20—50 mg/dL) 
0.08% (80 mg/dL) 


0.1—0.15% 
(100—150 mg/dL) 
0.2% (200 mg/dL) 


0.3% (300 mg/dL) 
0.4% (400 mg/dL) 
0.5% or higher 


Physiological Effects 


Relaxation and general positive mood; elevating effect of alcohol 
including increased social interaction 

Legal limit of driving; minor impairment possible in people who 
drink rarely 


Euphoria but sensory impairment and decreased cognitive 
ability; difficulty driving a motor vehicle 


Worsening of sensorimotor impairment and inability to drive; 
decreased cognitive function and visual impairment 


Vomiting; incontinence; symptoms of alcohol intoxication 
Stupor; coma; respiratory depression; hypothermia 
Potentially lethal 
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(2500 mg/dL) 





1.7 BLOOD ALCOHOL LEVEL 


Blood alcohol level depends on the number of alcoholic drinks consumed 
and the gender, body weight, age, as well as genetic makeup of the person. 
Currently, in all U.S. states, the legal limit for driving a vehicle is 0.08% alco- 
hol in whole blood. The serum concentration of alcohol is higher than the 
whole blood concentration, and in order to calculate the whole blood con- 
centration of alcohol, the measured serum concentration must be divided by 
a factor, most commonly 1.15. The legal limit for driving a vehicle in the 
United Kingdom and Canada is also 0.08%, but in other countries, lower 
levels of alcohol are mandated as the acceptable upper limit of driving under 
the influence of alcohol. In Switzerland, Denmark, Italy, the Netherlands, 
Austria, Australia, China, Thailand, and Turkey, the upper limit is 0.05% 
alcohol. In Japan, the upper acceptable limit is only 0.03%, and in other 
countries such as various Middle Eastern countries, Hungary, Romania, and 
Georgia, there is zero tolerance for blood alcohol in drivers. 


Although the legal limit of blood alcohol in adult drivers in the United 
States is 0.08%, some driving impairment may occur even at lower blood 
alcohol levels. There is general agreement that some impairment of the abil- 
ity to drive occurs at a blood alcohol level of 0.05%. Even a blood alcohol 
level of 0.03% affects some cognitive functions that rely on perception and 
processing of visual information [110]. Although a blood alcohol level of 
0.05% usually produces more relaxation and more social interactions with 
other individuals, some intoxication can occur at a blood alcohol level of 
0.1% and higher. The drunkest reported driver in Sweden had a blood alco- 
hol level of 0.545% [111]. 
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A citizen reported a person driving slowly and erratically, horizontal gaze nystagmus test showed a lack of smooth 
and the police found the car stopped with its lights on. When pursuit and nystagmus at maximum deviation. The subject 
an officer approached the car, the driver tried to climb into was unable to recite the alphabet or follow instructions nec- 
the back seat, where there were two other passengers, and essary to perform a breath alcohol test. The incident was 
claimed that he was not the driver. He had a strong odor of reported at 12:15 am, and his blood alcohol measured at 
alcohol and was unable to stand without support. The 12:47 am was 0.437% (437 mg/dL] [112]. 


In 1932, Swedish scientist Eric P. Widmark developed a formula that is still 
used today for the calculation of the amount of alcohol ingested and for asses- 
sing the concentration of blood alcohol prior to a blood alcohol analysis [113]. 
The Widmark formula estimates the blood alcohol level of a given amount of 
consumed alcohol taking into account the subject's body weight and gender: 


A=CXWxXr 


where A is the total amount of alcohol consumed by the person in grams, C is 
the blood alcohol concentration in grams per liter, W is the body weight of the 
person expressed in kilograms, and r is a constant, which is assumed to be 
approximately 0.7 for men and 0.6 for women. The following form of the 
Widmark formula is commonly used to calculate blood alcohol concentration 
based on the amount of alcohol consumed by the individual, body weight, and 
gender: 


C=(A/W Xr) — 0.015 t 


where t is the time that has passed since the beginning of the drinking ses- 
sion, and the 0.015 factor represents the average rate of elimination of alco- 
hol (0.015%/h or 15 mg/dL/h). 


In the United States, one standard drink of alcohol has 0.6 oz of alcohol, 
and the weight of a person is expressed in pounds. However, blood alcohol 
concentration is expressed as milligrams per 100 mL of whole blood. Taking 
into account all these factors, the previous formula can be modified for cal- 
culating blood alcohol concentration as follows: 


C = (total amount of alcohol consumed in ounces X 5.14/weight in pounds X r) 
—0.015¢ 


where C is the blood alcohol in percent. Assuming each drink contains 
0.6 oz of alcohol, this equation can be further modified as follows: 


C = (number of drinks X 3.1/weight in pounds X r) — 0.015 t 


The blood alcohol level in women would be higher than that in men of the 
same weight. However, using the Widmark factor of 0.7 for men and 0.6 for 
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women is more applicable to the Caucasian population. Tam et al. commen- 
ted that for the Chinese population, a factor of 0.68 should be used for 
males and 0.59 should be used for females [114]. The Widmark formula pro- 
vides a rough estimation of blood alcohol level based on gender, body 
weight, and the number of drinks consumed. However, blood alcohol level 
determined by the Widmark formula may differ significantly for some indivi- 
duals compared to measured blood alcohol level or breath alcohol level. 
Thierauf et al. reported a case of a 75-year-old healthy man in which a dis- 
crepancy was observed between calculated blood alcohol level and measured 
blood alcohol level. The authors speculated that a reduction in total body 
water in the elderly may be the reason for such discrepancy [115]. 


1.7.1 Alcohol Odor on Breath and Endogenous Alcohol 
Production 


Alcohol is almost odorless, and the alcohol smell perceived by people is due 
to the presence of many complex organic volatile compounds found in alco- 
holic beverages. Wine aroma is attributed to a large range of molecules from 
different chemical families, including esters, aldehydes, ketones, terpenes, 
tannins, and sulfur compounds. Some of these compounds originate from 
grapes, and others are formed during fermentation or aging. In general, more 
volatile substances are present in white wine compared to red wine [116]. 
Therefore, there is no correlation between blood alcohol level and alcohol 
odor. Such odor may also be present in an individual drinking nonalcoholic 
beer. 


In general, the human body does not produce enough endogenous alcohol 
such that a measurable blood alcohol level is reached. There are reports of 
measurable endogenous ethanol production in patients with liver cirrhosis. 
In one report, after a meal eaten by such patients, negligible alcohol levels of 
11.3 mg/dL (0.013%) and 8.2 mg/dL (0.0082%) were detected in two of 
eight patients. Small-intestinal bacterial overgrowth generates similarly small 
amounts of endogenous alcohol. Patients with liver cirrhosis often have 
small-intestinal bacterial overgrowth [117]. However, postmortem produc- 
tion of alcohol due to fermentation of sugar by bacteria is well documented. 
Toxicological analysis of a specimen from a deceased 14-year-old adolescent 
revealed high amounts of alcohol both in blood and in tissue, but ethyl glu- 
curonide, a metabolite of alcohol, was not detected in the liver tissue. The 
authors concluded that postmortem alcohol in this adolescent was due to 
the action of the bacterial strain Lactococcus garvieae in the blood, which is 
capable of producing alcohol from glucose [118]. In another study, ethyl glu- 
curonide was observed in the postmortem blood of 93 cases with antemor- 
tem blood alcohol, but it was not detected in 53 cases in which there was no 


0 CHAPTER 1: Alcohol 


indication of antemortem alcohol or use of alcohol by the deceased. The 
authors concluded that the presence of ethyl glucuronide in postmortem 
blood is a marker of antemortem ingestion of alcohol [119]. 


1.8 CONCLUSIONS 


Although moderate alcohol consumption has many health benefits, heavy 
consumption of alcohol is detrimental to health. In moderation, alcohol use 
can increase longevity and reduce the risk of heart disease, stroke, and certain 
types of cancer. In addition, moderate alcohol consumption has a neuropro- 
tective effect and reduces the risk of dementia, including Alzheimer’s type. 
However, alcohol consumption in excess produces intoxication, withdrawal, 
brain trauma, central nervous system infection, hypoglycemia, hepatic failure, 
and Marchiafava—Bignami disease. Nutritional deficiency due to alcohol 
abuse also causes pellagra and Wernicke—Korsakoff disorder. In addition, 
alcohol is a neurotoxin, and in sufficient dosage it can cause lasting dementia 
[120]. It is generally accepted that alcohol consumption of no more than 
one drink per day for females and no more than two drinks per day for 
males younger than 65 years of age is safe. However, both males and females 
older than age 65 years should not consume more than one drink per day. 
There is no safe limit of alcohol consumption during pregnancy; to avoid 
fetal alcohol syndrome, pregnant women must practice total abstinence. 
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CHAPTER 2 


Genetic Aspects of Alcohol Metabolism 


and Drinking Behavior 


2.1 INTRODUCTION 


Ethanol, commonly referred to as “alcohol,” is a small water-soluble polar 
molecule with a molecular weight of 46. The ethanol molecule contains a 
hydroxyl (—OH) functional group. Alcohol (ethanol) is a nutrient with a 
caloric value of approximately 7 kcal/g, whereas protein has a caloric value 
of 4kcal/g and fat produces 9 kcal/g. After ingestion, alcohol is readily 
absorbed, but a small amount also undergoes first-pass metabolism. 
Absorption of alcohol from the gastrointestinal tract depends on how fast 
the person is drinking as well as whether or not alcohol is consumed with 
food. After absorption, alcohol is distributed in various tissues and also 
undergoes extensive metabolism and finally elimination. Although the 
majority of alcohol is metabolized via the oxidative pathway mainly involv- 
ing two enzymes—alcohol dehydrogenase and aldehyde dehydrogenase—a 
small amount is also oxidized by the liver cytochrome P450 enzyme system, 
most commonly CYP2E1, especially in the presence of a high blood alcohol 
level. Other enzymes, such as catalase, may also be capable of metabolizing 
alcohol, but they represent a minor pathway. Polymorphisms of genes cod- 
ing both alcohol dehydrogenase and aldehyde dehydrogenase enzymes affect 
blood alcohol level, and some polymorphisms may protect an individual 
from alcohol abuse. Minor non-oxidative metabolic pathways for alcohol 
involve conjugation with glucuronic acid yielding ethyl glucuronide and con- 
jugation with sulfate to produce ethyl sulfate. 


2.2 ALCOHOL ABSORPTION: EFFECT OF FOOD 


Alcohol is absorbed from both the stomach and small intestine. A small 
amount of alcohol that is not absorbed is found in the breath and is the 
basis of breath analysis of drivers suspected of driving while intoxicated. In 
general, it is assumed that approximately 1—5% of alcohol is excreted by the 
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lungs, and 1—3% is excreted via other routes such as urine (0.5—2.0%) and 
sweat (up to 0.5%). A very small amount of alcohol is also metabolized by 
non-oxidative pathways, and products of such reactions are often used as 
alcohol biomarkers, such as ethyl glucuronide and ethyl sulfate. The overall 
elimination process of alcohol can be described by a capacity-limited model 
similar to the Michaelis—Menten model of enzyme kinetics |1]. When alco- 
hol is consumed, approximately 20% is absorbed by the stomach and the 
rest is absorbed by the small intestine by passive diffusion. A peak concentra- 
tion is usually achieved 30—60 min after consumption. Food substantially 
slows the absorption of alcohol, and sipping of alcohol instead of drinking 
also slows the absorption of alcohol from the gastrointestinal tract. The pres- 
ence of food in the stomach before alcohol consumption delays gastric emp- 
tying and reduces the rate of delivery of alcohol in the duodenum, thus 
reducing the alcohol absorption rate. 


The effect of food on absorption and metabolism of alcohol has been 
widely studied and reported in the medical literature. In one study, 10 
healthy men took in, via drinking, a moderate dosage of alcohol (0.80 g of 
alcohol per kilogram of body weight) in the morning after an overnight fast 
or immediately after breakfast (two cheese sandwiches, one boiled egg, 
orange juice, and fruit yogurt). Subjects who consumed alcohol on an 
empty stomach felt more intoxicated than those who consumed the same 
amount of alcohol after eating breakfast. The blood alcohol analysis 
revealed that the average peak blood alcohol in subjects who consumed 
alcohol on an empty stomach was 104 mg/dL. In contrast, the average peak 
blood alcohol in subjects who consumed alcohol after eating breakfast was 
67 mg/dL. The time required to metabolize the total amount of alcohol 
was on average 2 hr shorter in subjects who consumed alcohol after eating 
breakfast compared to subjects who consumed alcohol on an empty stom- 
ach. The authors concluded that food in the stomach before alcohol con- 
sumption not only reduces the peak blood alcohol concentration but also 
increases elimination of alcohol from the body [2]. The effect of the nature 
of the food, such as high fat versus high protein or high carbohydrate, on 
the magnitude of the reduction of absorption of alcohol has also been stud- 
ied. Jones et al. reported that the average peak blood alcohol level was 
30.8 mg/dL in volunteers when alcohol was consumed on an empty stom- 
ach, but levels were respectively 16.6, 17.77, and 13.3 mg/dL when alcohol 
was consumed after eating a fatty meal, a meal rich in carbohydrates, or a 
meal rich in protein. The peak blood concentration was reached between 
30 and 60 min after alcohol was consumed on an empty stomach or after 
eating a meal rich in protein. However, peak alcohol level was reached 
between 30 and 90 min when alcohol was consumed after eating a meal 
rich in fat or rich in carbohydrates. As expected, intravenous infusion of 


2.3 First-Pass Metabolism of Alcohol D 


alcohol resulted in a higher average blood alcohol level of 54.3 mg/mL, 
and peak blood alcohol was observed within 30 min. The authors con- 
cluded that regardless of the composition of the meal, food in the stomach 
decreases the systemic availability of alcohol, probably due to slower gastric 
emptying time. Moreover, with food in the stomach, a portion of alcohol 
may be trapped by the constituents of the meal [3]. 


2.3 FIRST-PASS METABOLISM OF ALCOHOL 


After alcohol is ingested, a small portion of alcohol enters the hepatic portal 
system and undergoes first-pass metabolism (FPM) by the liver, but gut alco- 
hol dehydrogenase enzymes also play an important role in FPM of alcohol. 
Lim et al. commented that FPM of alcohol is predominantly gastric in nature 
[4]. In relation to alcohol, many factors affect FPM of alcohol, including gas- 
trointestinal motility, nutritional status, liver function, gender, and age, as 
well as the genetic makeup of the person. After drinking the same amount of 
alcohol, men have a lower peak blood alcohol level compared to women 
with the same body weight. This gender difference in the blood alcohol level 
is partly related to the different body water content in men and women: 
women have a lower amount of body water (52% body water content is the 
average in women) compared to men (61% average). Therefore, less body 
water is available to dissolve the same amount of alcohol, which is water sol- 
uble, in women compared to men. However, gender difference in the rate of 
metabolism of alcohol by the alcohol dehydrogenase enzyme present in gas- 
tric mucosa is also responsible for higher blood alcohol in women compared 
to men with same body weight after consumption of the same amount of 
alcohol. Ammon et al. reported that total FPM on average accounted for 
9.1% of alcohol metabolism in men and 8.4% in women. Dose-corrected 
values for the area under the blood alcohol concentration—time curves 
(AUC) over time were on average 28% higher in women than in men [5]. 
Marshall et al., who studied 9 normal women and 10 normal men, observed 
that, after oral ethanol administration (0.5 g/kg body weight), women 
showed higher peak blood alcohol levels than did men (mean: 88 mg/dL in 
women and 75 mg/dL in men). The mean apparent volume of distribution 
of alcohol was 0.59 L/kg in females and 0.73 L/kg in men. Both apparent 
volume of distribution of alcohol and AUC were significantly correlated with 
total body water (measured by °H water dilution), suggesting that gender dif- 
ference in ethanol pharmacokinetics may be related to gender difference 
relating to body water content [6]. 


First-pass metabolism of alcohol by gastric alcohol dehydrogenase (ADH) is 
slightly higher in men than in women, and this may be related to higher 
ADH activity in men than in women, especially women younger than age 
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50 years. Commonly used drugs, such as acetaminophen, aspirin, and H2 
blockers (ranitidine, cimetidine, etc.), may decrease the activity of gastric 
ADH, thus reducing FPM of alcohol. As a result, elevated blood alcohol 
levels may be observed. Fasting strikingly decreases FPM of alcohol probably 
due to accelerated gastric emptying resulting in a higher blood alcohol level 
[7]. However, older men show lower alcohol dehydrogenase activities than 
do younger men. Therefore, gender difference in gastric ADH activities equal- 
ize in the elderly or are even reversed due to gastric mucosal atrophy, which 
occurs more often in males than in females [8]. The gender difference in 
alcohol level may be related only to lower gastric FPM of alcohol in women 
compared to men rather than to differences in gastric emptying or hepatic 
oxidation of alcohol. Higher blood alcohol levels in women compared to 
men after consuming the same amount of alcohol may be responsible for 
the increased vulnerability of women to the toxic effects of alcohol [9]. In a 
study of 20 men and 23 women (6 in each group were alcoholics), Frezza 
et al. observed that, in non-alcoholic subjects, FPM and gastric mucosal ADH 
activity of women were 23 and 59%, respectively, of those in men. In addi- 
tion, gastric mucosal ADH activities (measured in endoscopic gastric biop- 
sies) correlated with FPM of alcohol. In alcoholic men, FPM and gastric 
mucosal ADH activities were approximately 50% lower than those in 
non-alcoholic men. Moreover, FPM of alcohol was virtually abolished in 
alcoholic women [10]. 


When alcohol enters the circulation, it is distributed in various tissues, and a 
portion of alcohol is also metabolized. The tissue content of alcohol depends 
on the water content of the tissue, the rate of blood flow, and tissue mass, as 
well as blood alcohol concentration. The same dosage of alcohol per unit of 
body weight may produce different blood alcohol levels in different indivi- 
duals due to wide variations in the proportions of fats and water in their 
bodies and the low lipid-to-water partition coefficient of alcohol. Compared 
to men, women have a lower volume of distribution of alcohol due to a 
higher percentage of body fat in women. Blood alcohol concentration also 
depends on race and ethnicity. American Indians absorb alcohol at a higher 
rate than Caucasians, and they may show higher blood alcohol levels than 
do Caucasians for similar amounts of alcohol consumption [11]. 


2.4 ALCOHOL METABOLISM 


Metabolism of alcohol can generally be divided into major pathways and 
several minor pathways. The majority of alcohol is metabolized in the liver 
by ADH present in the cytosol. ADH has many different variants (isoen- 
zymes) with various capacities to transform ethanol to acetaldehyde, a toxic 
metabolite. Acetaldehyde is then rapidly transformed into acetate by 


2.4 Alcohol Metabolism 


aldehyde dehydrogenase (ALDH), which also exists in several isoforms. 
ALDH2, found mostly in mitochondria, is mainly responsible for metabo- 
lism of acetaldehyde to acetate, although ALDH1 present in liver cytosol can 
also metabolize acetaldehyde into acetate. Nicotinamide adenine dinucleo- 
tide (NAD*) is a required cofactor for both enzymatic reactions, in which 
NAD* is converted into NADH (the reduced form of NAD”) in the cytosol 
(mostly during conversion of alcohol into acetaldehyde by ADH); as a result, 
the NADH/NAD* ratio in the cytosol is increased, causing a shift in the 
redox potential): 


Alcohol dehydrogenase 


CH;CH,OH TSA > CH,CHO 


NAD+ NADH 





Then acetaldehyde is further metabolized by ALDH into acetate CH3COO : 


Aldehyde dehydrogenase 2 
CH;,CHO > CH,;COO- 





NAD NADH 


Acetate produced as the end product of alcohol metabolism is oxidized to 
carbon dioxide. Acetate is also converted into acetyl coenzyme A, which is 
involved in lipid and cholesterol biosynthesis in the mitochondria of periph- 
eral tissue and brain. In chronic alcoholics, the brain may use acetate instead 
of glucose for energy [12]. 


The microsomal ethanol oxidizing pathway is a minor secondary pathway 
for ethanol metabolism. However, chronic alcohol consumption can stimu- 
late this pathway, and especially CYP2E1, which is the ethanol inducible 
form of the cytochrome P450 family of enzymes; in this process, ethanol is 
also oxidized to acetaldehyde. However, the high redox potential of 
CYP2E1 for nicotinamide adenine dinucleotide phosphate (NADP) as a 
cofactor leads to the formation of reactive oxygen species, especially super- 
oxide anion, hydroxyl radicals, and hydroxyethyl radicals; as a result, this 
pathway of ethanol metabolism induces oxidative stress and lipid peroxi- 
dation [13]: 


CYP2E1 
CH,CH,OH CH,CHO 


NADPH NADP* 


Alcohol-induced oxidative stress plays an important role in the pathogenesis 
of much alcohol-related damage, including liver damage. Individuals who 
abuse alcohol chronically also experience elevated oxidative stress compared 
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to individuals who do not drink or who drink in moderation. In a study of 
60 male alcoholics with a history of alcohol abuse for more than 5 years and 
20 healthy male volunteers who served as a control population, Singh et al. 
demonstrated that serum malondialdehyde (a marker of in vivo lipid peroxi- 
dation) levels were significantly elevated in alcoholics compared to healthy 
volunteers, indicating that alcoholics experienced elevated oxidative stress 
compared to controls. Glutathione levels were also decreased in alcoholics 
compared to controls [14]. 


Another very minor pathway of ethanol metabolism involves the enzyme cat- 
alase, which is present in peroxisomes of the liver. Catalase is considered as 
an antioxidant enzyme because it is capable of removing hydrogen peroxide, 
a reactive oxygen species, from the body. However, catalase is also capable of 
oxidizing ethanol into acetaldehyde in the presence of hydrogen peroxide 
[13]. Acetaldehyde produced in the brain (ADH is inactive in the brain) due 
to metabolism of alcohol by catalase has been suggested to play a role in the 
development of alcohol tolerance as well as positive reinforcing actions of 
alcohol possibly via interaction of acetaldehyde with catecholamines to pro- 
duce various condensation products [15]: 


Catalase 
CH3;CH,OH CH;CHO 


H,0, 2H,0 


2.4.1 Non-Oxidative Pathways of Alcohol Metabolism 


Other minor pathways of alcohol metabolism do not involve oxidative 
metabolism of ethanol into acetaldehyde. Conjugation of ethanol with glu- 
curonic acid yielding ethyl glucuronide and conjugation with sulfate to pro- 
duce ethyl sulfate are considered minor pathways for ethanol metabolism. 
These metabolites are used as alcohol biomarkers. In addition, fatty acid 
ethyl ester synthases, which are present in most tissues but predominantly 
in liver and pancreas, catalyze the reaction of ethanol and fatty acids, yield- 
ing fatty acid ethyl esters. These esters are synthesized in the endoplasmic 
reticulum and transported to the plasma membrane. Then fatty acid ethyl 
esters are removed from the cell by binding to lipoproteins and albumin. 
Fatty acid ethyl esters are detected in blood when alcohol is no longer 
detectable. Therefore, fatty acid ethyl ester can also be used as an alcohol 
biomarker [16]. Phospholipase D can convert ethanol into phosphatidy- 
lethanol; this is also a minor metabolic pathway of ethanol [17]. 
Phosphatidylethanol can also be used as a biomarker of alcohol abuse. 
Major and minor metabolic pathways of ethanol metabolism are summa- 
rized in Table 2.1. 
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Table 2.1 Metabolic Pathways of Ethanol 


Pathway type 


Major 


Enzyme 


Alcohol dehydrogenase 
(ADH) and aldehyde 
dehydrogenase 2 


Comments 


ADH present in the liver oxidizes ethanol into acetaldehyde, and 
NAD* is used as a cofactor in this reaction. This reaction takes place 
in cytosol. Then acetaldehyde is further oxidized into acetate by 





(ALDH2) mitochondrial ALDH2, and again NAD* is used as a cofactor. 

Minor but may CYP2E1 CYP2E1 present in the liver also oxidizes ethanol into acetaldehyde, 

be activated in and this is a minor metabolic pathway. However, this pathway is 

alcoholics activated due to chronic ingestion of alcohol, especially in alcoholics. 
This pathway of ethanol metabolism also produces harmful reactive 
oxygen species. 

Minor Catalase Catalase present in peroxisomes can also convert ethanol into 
acetaldehyde in the presence of hydrogen peroxide. In this enzymatic 
reaction, hydrogen peroxide is converted into water. 

Minor Uridine diphosphate Ethanol is conjugated with glucuronic acid, producing ethyl 

glucuronosyltransferase glucuronide, a minor metabolite. This conjugation occurs in the liver, 
and ethyl glucuronide is an alcohol biomarker. 

Minor Sulfotransferase Conjugation of ethanol with sulfate produces ethyl sulfate, another 
minor metabolite. Ethyl sulfate is also an alcohol biomarker. 

Minor Fatty acid ethyl ester Esterification of fatty acids with ethanol produces fatty acid ethyl 

synthase esters. This is also a minor metabolic pathway, but fatty acid ethyl 
ester (combination of several esters) is an alcohol biomarker. 

Minor Phospholipase D Ethanol is converted into phosphatidyl ethanol, a minor metabolic 


pathway for ethanol. Phosphatidyl ethanol is an alcohol biomarker. 





2.4.2 Factors Affecting Alcohol Metabolism 


Conversion of ethanol to acetaldehyde by ADH is the rate-limiting step in 
alcohol metabolism. Although many drugs are metabolized following first- 
order kinetics, alcohol metabolism usually follows zero-order kinetics, indi- 
cating that regardless of blood alcohol level, alcohol is metabolized by the 
liver ADH enzyme at a constant rate. This is due to the fact that the 
Michaelis constant (Km) of most isoenzymes of ADH for ethanol is low 
(~2-—10 mg/100 mL). Thus, the ADH enzyme is saturated at a relatively 
low blood ethanol concentration, resulting in the elimination of ethanol at 
a constant rate independent of blood alcohol level (zero-order kinetics). 
However, at a very low blood alcohol level, ADH may not be saturated, 
and alcohol metabolism may follow first-order kinetics. Moreover, in alco- 
holics with a high blood alcohol level, CYP2E1 plays an important role in 
the metabolism of alcohol, and elimination follows first-order kinetics 
(elimination is proportional to blood alcohol concentration) because the 
Michaelis constant is higher (60—80 mg/100 mL) compared to that for 
ADH and enzyme saturation does not occur even with a higher blood alco- 
hol level. Therefore, it is usually assumed that ethanol elimination may 
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follow first-order kinetics at very low blood alcohol level (<20 mg/dL; 
0.02%) or high blood alcohol level in alcoholics (due to metabolism by 
CYP2E1). After consuming alcohol on an empty stomach, elimination of 
alcohol from the body is usually 10—15 mg/dL per hour, but the rate of 
elimination is usually higher if alcohol is consumed after eating a meal 
(15—20 mg/dL/h). Alcoholics may metabolize alcohol at a much higher 
rate, with an elimination rate of 25—35 mg/dL per hour due to activation 
of the CYP2E1 pathway. In general, it can be assumed that in moderate 
drinkers, the average elimination rate of alcohol is 15 mg/dL per hour [18]. 


There is controversy regarding the elimination kinetics of alcohol in men and 
women. Some studies have observed no significant difference in alcohol 
elimination kinetics between men and women, whereas others have docu- 
mented differences. Faster elimination rates of alcohol are observed in 
women compared to men when rates are corrected for lean body mass. 
Dettling et al. reported that the elimination rate of alcohol was slightly higher 
in women (mean: 17.9 mg/dL per hour) than in men (15.5 mg/dL per hour). 
However, when corrected for the calculated liver weight, no statistically sig- 
nificant difference was found between elimination rates of alcohol observed 
in women and those observed in men [19]. Hormonal changes also play a 
role in the metabolism of alcohol in women, although this finding has been 
disputed in the medical literature. Some publications have indicated that 
women metabolize alcohol at a higher rate during the luteal phase of the 
menstrual cycle (19—22 days of the cycle), but a few days before menstrua- 
tion, women’s alcohol metabolism may be slow [20]. Alcohol may interfere 
with hormonal balance and reproductive function of women by modulating 
the neurohormonal axis as well as by altering hepatic metabolism of hor- 
mones. The menstrual cycle disturbances in alcoholic women are most prom- 
inent during the middle of the cycle [21]. 


Older people may metabolize alcohol more slowly than young people. 
Recommended alcohol intake for older individuals (>65 years old), 
regardless of gender, is one standard drink per day (see Chapter 1). Lean 
body mass decreases and adipose tissue increases with advancing age, 
resulting in a corresponding decrease in volume of total body water. 
Therefore, an older person may experience a higher blood alcohol level 
than a younger person with the same body weight after taking in the same 
amount of alcohol [22]. Metabolism of alcohol also changes with 
advanced age because the activity of enzymes involved in alcohol metabo- 
lism, including ADH, ALDH, and CYP2E1, diminishes with age. Moreover, 
older people may take prescription drugs and may experience adverse 
drug—alcohol interactions. In addition, some elderly people may suffer 
from liver diseases, and alcohol may exacerbate such diseases [23]. 
In Table 2.2 are listed various factors that affect alcohol metabolism. 
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Table 2.2 Factors that Affect Alcohol Metabolism 


Factor 


Alcohol 
consumed with 
food/empty 
stomach 


How quickly 
alcohol is 
consumed 


Body weight 





Gender 


Age 





Ethnicity 


History of 
alcohol abuse 


Comments 


Blood alcohol level is higher when alcohol is consumed on an empty stomach. Alcohol 
metabolism is higher in fed nutritional state compared to fasted state. Food increases liver blood 
flow. Moreover, sucrose present in food may increase alcohol metabolism by providing substrates 
that help to convert NADH to NAD because NAD is required as a cofactor for alcohol 
dehydrogenase. 


Sipping alcohol rather than drinking produces a lower blood alcohol level. If alcohol is consumed 
quickly, a higher blood alcohol level is observed rather than if alcohol is consumed slowly because 
metabolism of alcohol is initiated as soon as alcohol enters the circulation. 


Blood alcohol level is inversely proportional to body weight. However, the blood alcohol level may 
be higher in a woman with the same body weight as a man after drinking the same amount of 
alcohol due to different body water content between men and women. 

For the same amount of alcohol consumed based on body weight, women may experience a 
higher blood alcohol level than men due to slower first-pass metabolism by the gut enzyme 
alcohol dehydrogenase. 

The activity of alcohol dehydrogenase may decrease with advanced age, and older individuals 
may metabolize alcohol slowly. Older people (> 65 years) should not consume more than one 
drink per day. 

Polymorphism of genes encoding alcohol dehydrogenase and aldehyde dehydrogenase may 
significantly impact alcohol metabolism. For example, East Asians with the ALDH2*2 allele cannot 
metabolize acetaldehyde properly due to defective aldehyde dehydrogenase enzyme; as a result, 
acetaldehyde may build up in blood, causing unpleasant reactions and thus deterring these 
people from drinking alcohol. Therefore, this genetic polymorphism has a protective effect on the 
habit of drinking and alcoholism. 

Although metabolism of ethanol into acetaldehyde by CYP2E1 is a minor pathway in moderate 
drinkers, chronic abuse of alcohol usually induces this alternative pathway of alcohol metabolism; 
as a result, an alcoholic may metabolize alcohol at a much faster rate than a moderate drinker. 





In addition, genetic polymorphism of both ADH and acetaldehyde dehy- 
drogenase has been reported, and certain polymorphisms can significantly 
impact the metabolism of alcohol. 


2.5 GENES ENCODING ALCOHOL DEHYDROGENASE 


ADH is a zinc-containing enzyme that consists of two protein subunits 
(dimeric enzyme). ADH can oxidize endogenous ethanol produced by micro- 
organisms in the gut as well as consumed ethanol. ADH has broad substrate 
specificity and can metabolize primary as well as secondary alcohol, such as 
methanol, propanol, and ethylene glycol. ADH is found mostly in cytosol 
and is present in highest amounts in the liver, followed by the gastrointesti- 
nal tract, kidneys, nasal mucosa, testes, and uterus [16]. 
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In humans, seven genes encode ADH enzymes, and all these genes are clus- 
tered (ADH7—ADH1C—ADH1B—ADH1A—ADH6—ADH4—ADHS) in a small 
region of chromosome 4 in a head-to-tail array approximately 370 kb long 
(4q21—24). Based on similarities in their amino acid sequence and kinetic 
properties, ADH can be broadly categorized into five different classes with a 
total of seven ADH isoforms (usually enzyme terms are printed in regular 
font and gene terms encoding such enzymes are written in italics). The three 
class I genes—namely ADH1A, ADH1B, and ADH1C—are closely related to 
each other. These genes respectively encode alpha (a), beta (3), and gamma 
(1) subunits, resulting in class I ADH enzymes that may be homodimer or 
heterodimer. These class I ADH isoforms are responsible for the majority of 
ethanol metabolized by the liver (almost 70% of total ethanol metabolizing 
capacity). The ADH4 gene codes for the pi (m) subunit that produces a 
homodimer class II ADH enzyme in the liver and, to a lesser extent, the kid- 
ney. This enzyme has a higher Michaelis constant (in contrast to most ADH) 
and plays an important role in ethanol metabolism by the liver, especially at 
high blood alcohol concentration, accounting for approximately 30% of eth- 
anol metabolism. The ADH5 gene encodes the chi (x) subunit, producing 
class IN ADH, which is usually a homodimer. This enzyme is a ubiquitously 
expressed formaldehyde dehydrogenase with a very low affinity for ethanol. 
The major function of this enzyme is to oxidize formaldehyde to formic acid 
and to terminate nitric oxide signaling. The class III ADH is the only enzyme 
detected in the brain and plays a minor role in overall metabolism of etha- 
nol. The class IV ADH is encoded by the ADH7 gene, which produces the 
sigma (o) subunit. This ADH enzyme is capable of converting retinol to reti- 
nal as well as ethanol to acetaldehyde. The ADH6 gene produces mRNA, 
which can be detected in both fetal and adult liver, but the enzyme has not 
been isolated [24]. Various classes of ADH enzymes and the genes that 
encode them are listed in Table 2.3. 








2.5.1 Polymorphism of Alcohol Dehydrogenase Genes 


Most of the variants of ADH genes involve a single nucleotide polymorphism 
(SNP). Some of these variations occur in the part of the gene that is responsi- 
ble for coding the protein; such SNPs are called “coding variations” that may 
result in the generation of ADH enzymes with altered activities. However, 
some variations may also occur in noncoding areas of the gene; such altera- 
tions are called “noncoding variations,” but they may also affect the expres- 
sion of the gene. 


As mentioned previously, class I ADH enzymes encoded by ADH1A, ADH1B, 
and ADHIC genes play the most important role in metabolism of 
ethanol [25]. Although there are no reports of coding variation in the 
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Table 2.3 Isoforms of ADH Enzymes and Genes that Code for Such Enzymes 


Class of Enzyme 
ADH Gene (Dimeric 
Enzyme Name Structure) Comments 


Class | ADHIA aa Class | alcohol dehydrogenase enzymes are responsible for almost 70% 
of total ethanol oxidation capability. 
ADH1B BB 
ADH1C y 
ADH4 TT Class II ADH plays an important role in ethanol metabolism at high blood 
alcohol concentration and may contribute up to 30% of total ethanol 
oxidation capability. 
ass Ill Class Ill ADH has a low affinity for ethanol and is the only enzyme 
detected in the brain. 
ass IV Class IV ADH contributes to both ethanol and retinol oxidation. It is 
expressed in the upper digestive tract, and it oxidizes ethanol at higher 
concentration. 
Enzyme not The mRNA product is present in fetal and adult liver. The catalytic activity 
characterized of this enzyme is unknown due to its labile nature. 











ADH1A gene, SNPs in the ADH1B and ADH1C genes may encode ADH 
enzymes with different enzymatic activities. There are three different ADH1B 
alleles (including wild type) that alter the amino acid sequence of the 
encoded 8 subunit. There are also polymorphisms of the ADHIC gene that 
result in altered amino acid sequence in the y subunit. 


The reference allele for the ADH1B gene is ADH1B*1 (wild type), which 
encodes the 8, subunit of the ADH enzyme with an arginine at amino acid 
positions 48 (Arg48) and 370 (Arg370). This allele is the predominant allele 
observed worldwide among Caucasians, Native Americans, and people of 
African descent, but it is less common among East Asians. However, the com- 
mon polymorphism ADH1B*2, which encodes the 8, subunit, has histidine at 
position 48 (Arg48His, rs1229984) instead of arginine. This polymorphism is 
found commonly among East Asians (Han Chinese, Japanese, Koreans, 
Filipinos, Malays, etc. and aborigines of Australia and New Zealand) and also 
among approximately 25% of people of Jewish origin. This allele is encoun- 
tered with a low frequency among Caucasians. The polymorphism ADH1B*3, 
which encodes the 83 subunit, has cysteine at position 370 instead of arginine 
(Arg370Cys, 182066702). This allele is found primarily in people of African 
descent and Native Americans. ADH isoenzymes encoded by ADH1B*2 or 
ADH1B*3 alleles are superactive enzymes (due to the significantly higher turn- 
over rate of these enzymes), resulting in a 30- to 40-fold increase in metabo- 
lism of ethanol compared to normally functioning enzymes encoded by the 
wild-type ADH1B*1 gene. As a result, acetaldehyde may build up in the blood, 
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Table 2.4 Major Alleles of ADH7B and ADH1C Genes and Their Association with Various Ethnic 
Groups 


Allelic 
Variant 


ADH1B*1 
(wild type) 


ADH1B*2 


ADH1B*3 
ADH1C*1 
(wild type) 
ADH1C*2 


Enzyme 
(Dimeric 
Structure) 


B164 


B262 


Association with Ethnic Groups 


This is the most commonly observed allele, found in varying frequencies throughout the 
world population. It is common among Caucasians and people of Africa and African 
decent; it is less common among East Asians. 

This is most prevalent among East Asians, including Han Chinese, Japanese, Koreans, 
Filipinos, Malays, Mongolians, and aborigines of Australia and New Zealand. This allele is 
also found among approximately 25% of people of Jewish origin. There is an 
approximately 20% frequency among Middle Eastern people. It is also observed in smaller 
frequency among Caucasians and people of African origin. 

This is primarily found in people of African descent (up to 25%) and Native Americans. 
This is a very common allele among Asians and people of Africa or African descent. It is 
also common (~ 50%) among Caucasians. 

This is commonly observed in Caucasians and is less common among Asians and people 
of African descent. 








causing facial flushing and adverse side effects after alcohol use, thus discour- 
aging people who carry such alleles from drinking [24]. 


The reference allele of the ADH1C gene is ADH1C*1 (wild type), which 
encodes the 4, subunit with arginine at position 272 and isoleucine at posi- 
tion 350 (Arg272 Ile350). However, the enzyme encoded by two ADH1C*2- 
linked SNPs (Arg272GIn, 181693482, and Ile350Val, rs698; these two SNPs 
occur together in almost all cases due to very high linkage disequilibrium) 
shows two amino acid exchanges. Moreover, enzymatic activity is approxi- 
mately 2.5 times greater when the enzyme is encoded by the ADH1C*1 refer- 
ence allele than when it is encoded by the ADH1C*2 haplotype 
(Gln272Val350). ADH1C*1 is also in strong linkage disequilibrium with 
ADH1B*2. The ADH1C*1 allele has been associated with alcohol-related can- 
cer, especially in heavy drinkers [26]. Major alleles of ADH1B and ADH1C 
genes and their associations with various ethnic groups are summarized in 
Table 2.4. In addition to polymorphisms of ADH1B and ADHIC genes, poly- 
morphisms of other ADH genes have also been described. Studies indicate a 
link between polymorphism of the ADH4 gene and alcohol dependence. 
Polymorphisms of ADH5 and ADH7 genes have also been described. 


2.6 GENES ENCODING ALDEHYDE DEHYDROGENASE 


ALDH represents a group of NAD-dependent enzymes that metabolize a 
wide variety of aliphatic and aromatic aldehydes generated from both 
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endogenous and exogenous precursors [27]. Unlike ADH genes, which are 
located on a single chromosome (chromosome 4), ALDH genes are not local- 
ized on a single chromosome. Humans have 19 genes and three pseudogenes 
in the ALDH gene superfamily encoding the ALDH superfamily of isoen- 
zymes; mutation of these genes leading to defective aldehyde metabolism is 
the molecular basis of several diseases, including y-hydroxybutyric aciduria, 
SjOgren—Larsson syndrome, and type II hyperprolinemia [28]. However, 
three of these genes—ALDH1A1, ALDH1B1, and ALDH2—are relevant to 
acetaldehyde metabolism. The ALDH1A enzyme is usually found in cytosol, 
whereas the ALDH1B1 and ALDH2 enzymes are produced in the nucleus but 
have leader sequences that direct them to mitochondria, where they exert 
their function [29]. 


The ALDH1A enzyme is encoded by the ALDH1A1 gene, which is located on 
chromosome 9 (9q21.13) and extends over a 52-kb region. The ALDH2 
enzyme is encoded by the ALDH2 gene, which is located on chromosome 12 
(12q24.2) and extends over 43 kb. Both genes have a similar structure with 
13 exons, and the proteins they encode are 70% similar in sequence. The 
ALDH2 enzyme seems to play the most important role in the metabolism of 
acetaldehyde into acetate; the medication disulfiram (Antabuse), which is 
used in the treatment of alcohol detoxification, inhibits this key enzyme. In 
the ALDH2 enzyme encoded by the wild-type gene (ALDH2*1), glutamic 
acid is present at position 504 of the amino acid sequence. Polymorphism of 
the ALDH2 gene has been described, and the ALDH2*2 allele is relatively 
common in East Asians. This allele (Glu504Lys, rs671 G>A) encodes a 
defective ALDH2 enzyme in which lysine replaces glutamic acid at position 
504 (this substitution corresponds to substitution at position 487 in the 
mature ALDH2 enzyme), and as a result, the enzyme is virtually inactive. 
Acetaldehyde levels increase in individuals carrying this allele, resulting in an 
unpleasant reaction from drinking alcohol. Therefore, this polymorphism 
may deter these individuals from drinking, thus protecting these individuals 
from alcohol abuse. This polymorphism may also increase the risk of 
both coronary heart disease and myocardial infarction among the Asian 
population [30]. 


When the ALDH2 enzyme is not functional due to the presence of the 
ALDH2*2 allele, the ALDH1A enzyme present in liver cytosol plays an 
important role in the metabolism of acetaldehyde [31]. The effectiveness of 
the cytosolic ALDH1A enzyme encoded by the ALDH1A1 gene in the metab- 
olism of acetaldehyde has been demonstrated in a study in which decreased 
red blood cell ALDH1A enzyme activities in a small group of Caucasians and 
Asians were related to alcohol flushing reaction probably due to acetalde- 
hyde buildup in blood. In addition, acetaldehyde clearance was considerably 
slower in Japanese individuals with extremely low red blood cell levels of the 
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ALDH1A enzyme and the ALDH2*1/*2 genotype. The wild-type ALDH1A1 
gene is ALDH1A1*1, which is observed among the worldwide population. 
Two polymorphisms in the promoter region of the ALDH1A1 gene 
have been described. The ALDH1A1*2 allele is a 17-bp deletion (from 
position —416 to position —432), and the ALDH1A1*3 allele is a 3-bp 
insertion (—524). 


The ALDH1B enzyme, which is mitochondrial in nature, is encoded by the 
ALDH1B1 gene located on chromosome 9. This gene does not contain 
introns in the coding sequence. There are four common missense ALDH1B1 
variants (182073478, 182228093, 1s4878199, and 18113083991). Analyzing 
the linkage disequilibrium between these mutations shows haplotypes 
encoding differing ALDH1B isoenzymes [32]. However, the effects of these 
variants on alcohol-related issues have been poorly investigated. Important 
allelic variations of the ALDH gene that are involved in the metabolism of 
acetaldehyde in humans are summarized in Table 2.5. 


Table 2.5 Aldehyde Dehydrogenase Genes and Their Allelic Variations That Are Involved in Human 
Acetaldehyde Metabolism 


Class of 
Aldehyde 
Dehydrogenase 
Enzyme 





Enzyme 


Gene Allele Composition Comments 


ALDH1A1  ALDH1A1*7 Tetramer Cytosolic aldehyde dehydrogenase encoded by 


(wild type) the ALDH1A1°2 allele; it is present in low 

ALDH1A1*2 frequency among Asians, Caucasians, the Jewish 

ALDH1A1*3 population, and African Americans. However, the 
ALDH1A173 allele is present only in African 
Americans. 

ALDH2*1 Tetramer Mitochondrial aldehyde dehydrogenase. It is a 

(wild type) major enzyme responsible for acetaldehyde 
metabolism; enzyme encoded by wild-type gene 
is found in various frequencies among the world 
population. 

ALDH2*2 Tetramer Mitochondrial aldehyde dehydrogenase enzyme 
that is inactive. The allelic frequency of the 
ALDH2*2 variant is approximately 50% among 
the Han Chinese, Taiwanese, and Japanese 
populations. It is also observed significantly 
among Koreans and Vietnamese and at a 
frequency of 1—10% in Tibetans, Mongolians, 
Thais, Malays, Filipinos, and Taiwanese 
aborigines. However, this allele is not found 
among the non-East Asian population. 
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2.6.1 Polymorphisms of Alcohol Dehydrogenase 
and Aldehyde Dehydrogenase Genes that Protect 
Against the Development of Alcohol Use Disorder 


Although alcoholism is a complex behavioral disorder involving a myriad of 
gene—gene and gene—environment interactions, polymorphisms of genes, 
including the ALDH gene (ALDH2) and the ADH gene (ADH1B), have been 
proposed as particularly compelling genes associated with etiology of alcohol 
use disorders, especially protection from alcohol abuse [33]. In addition, 
other genes may play a significant role in precipitating alcoholism, including 
genes encoding GABA, glutamate receptor, dopamine receptors and transpor- 
ters, serotonin receptors, and cholinergic receptors [34,35]. See Chapter 10 
for more details. 


Acetaldehyde buildup in the blood may deter a person from consuming alco- 
hol because many unpleasant reactions from doing so, such as flushing 
(alcohol flush reaction or Asian flush), severe nausea, asthma attack, rapid 
heartbeat, and psychological distress, are related to increased blood levels of 
acetaldehyde. Therefore, genetic polymorphisms of ADH genes (ADH1B*2 
and ADH1B*3), as well as the wild-type ADH1C*1 allele, that lead to highly 
active ADH enzymes result in rapid conversion of ethanol to acetaldehyde. 
As a result of acetaldehyde buildup in blood, individuals carrying such alleles 
may be deterred from drinking alcohol because acetaldehyde in blood is 
responsible for the adverse effects of alcohol, including facial flushing [26]. 
Similarly, genetic polymorphism of the ALDH2 gene, such as the ALDH2*2 
allele that results in inactive ALDH2 enzyme, should also cause acetaldehyde 
buildup in blood due to slow removal of acetaldehyde and should deter a 
person from drinking alcohol. Therefore, it can be assumed that alleles that 
encode highly active ADH enzymes should have a protective effect against 
alcohol use disorders: 


ADH1B*2/ADH1B*3 (alleles encoding superactive enzyme) P 
Ethanol > Acetaldehyde buildup 


(Alcohol avoidance) 





ALDH2*2 (allele encoding inactive enzyme) : 
Acetaldehyde > Slow conversion to acetate 


(Alcohol avoidance) 





If ethanol is metabolized normally due to the presence of the wild-type allele 
(ADH1B*1) producing the ADH enzyme with normal activity, it may result 
in alcohol tolerance, thus increasing the risk of alcohol abuse. However, the 
ADHI1C*2 allele (Gln272Val350) that encodes the enzyme also has lower 
enzymatic activity than the enzyme coded by wild-type ADHI1C*1 
(Arg272Ile350). Therefore, individuals carrying ADH1B*1 and ADH1C*2 
may metabolize ethanol slowly with no acetaldehyde buildup in blood, and 
these individuals may be at risk of consuming high amounts of alcohol. 
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Similarly, if the ALDH enzyme has normal activity, it may also increase the 

risk of alcohol-related disorders because a person may not experience any 

unpleasant effects of alcohol due to no acetaldehyde buildup in the blood: 
ADH1B*1 (wild-type gene encoding normal enzyme), 


Ethanol saan > No acetaldehyde in blood 


(Alcohol tolerance) 





ALDH2*1 (wild type gene encoding normal, active enzyme) 


Acetaldehyde > Normal conversion to acetate 


(Alcohol tolerance) 





There is strong evidence that the variant allele ALDH2*2 (rs671 G > A) resulting 
from a single nucleotide exchange causing substitution of lysine for glutamate at 
position 487 of the mature ALDH2 enzyme protects individuals from alcohol 
abuse. ALDH2*2 is a common variant among 45% of East Asians, including 
Han Chinese, Japanese, and Koreans, but it is rare in other ethnic groups. It has 
been estimated that 540 million people worldwide (8% of the world popula- 
tion) carry this allele. ALDH2*2 homozygotes (ALDH2*2/*2) exhibit essentially 
no ALDH2 enzymatic activity, but heterozygotes (ALDH2*1/*2) may show par- 
tial ALDH2 activity. East Asians deficient in ALDH2 enzyme activity exhibit the 
accumulation of acetaldehyde in blood, even after consumption of small 
amounts of alcohol, and may experience acetaldehyde-induced alcohol sensitiv- 
ity. Genetic and epidemiological studies have shown that ALDH2*2 homozy- 
gous individuals are almost completely protected from developing alcohol use 
disorders, but heterozygous individuals have partial protection (approximately 
60%). Analysis of liver samples collected from surgical biopsies indicated that 
ALDH2 activity in liver was too low to estimate in individuals with genotype 
ALDH2*2/*2 (homozygous individuals), but ALDH2 activity in heterozygous 
individuals (ALDH2*1/*2) was 17% of individuals with normal ALDH2 activity 
(ALDH2*1/*1 genotype) [36]. In a study of 93 Asian subjects, Yamamoto et al. 
found that none of the subjects homozygous for the ALDH2*1 allele showed a 
detectable blood acetaldehyde level or facial flushing, but all subjects homozy- 
gous and heterozygous for the ALDH2*2 allele exhibited facial flushing and 
detectable blood acetaldehyde levels. As expected, blood acetaldehyde levels 
were significantly more elevated in ALDH2*2 homozygous (ALDH2*2/*2) indi- 
viduals than in heterozygous (ALDH2*1/*2) individuals [37]. Peng and Yin 
reported that in individuals with the homozygous ALDH2*2/*2 genotype, peak 
blood acetaldehyde levels were 1.6- to 3.3-fold higher than those of individuals 
carrying the ALDH2*1/*2 heterozygous after a low to moderate intake of alco- 
hol. Interestingly, 130 min after consuming a small amount of alcohol, indivi- 
duals carrying ALDH2*2/*2 still showed detectable blood acetaldehyde levels 
due to almost complete loss of ALDH2 enzyme activity. The authors concluded 
that ALDH2 polymorphism, which most commonly occurs in East Asians, is the 
strongest genetic modifier of drinking behavior and protects against alcoholism. 


A 25-year-old man was found dead in his bedroom by his 
brother at approximately 6:30 Pm on November 30. Empty 
snap-out sheets of flunitrazepam corresponding to 52 tablets 
were found in the trash at his bedside. The deceased had 
been beaten up at approximately 2:20 am by approximately 10 
boys and girls, all of whom were junior high school students. 
They also stole approximately 50,000 yen from him. He 
reported the incident to the police and returned home at 
approximately 9:10 am. He had been attending a mental hos- 
pital every week and took flunitrazepam for depression. At 
medicolegal autopsy, only slight subdural hemorrhage was 
noticed, and none of the bruises observed was considered to 
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be the cause of death. Using gas chromatography/mass 
spectrometry, no flunitrazepam or its metabolite was 
detected in body fluid. His blood alcohol concentration from 
the femoral vein was 2.0 mg/mL (200 mg/dL); usually, blood 
alcohol levels in fatalities range from 2.25 to 6.23 mg/mL. 
However, genotype analysis showed that the deceased was 
ALDH2*1/*2 heterozygous, and such individuals are known to 
metabolize acetaldehyde slowly, thus showing a high concen- 
tration of acetaldehyde in blood despite a relatively low level 
of alcohol. Consequently, the cause of death was established 
as acute alcohol intoxication including acetaldehyde poison- 
ing related to this genotype [39]. 


These individuals do not consume alcohol due to the negative symptoms that 
occur after drinking, which are attributable to acetaldehyde buildup secondary 


to nonfunctional ALDH2 enzyme [38]. 


It has been speculated that homozygotes of the ALDH2*2 allele in the Asian 
population probably have almost 100% protection from alcohol abuse. Peng 
et al. reported that homozygotes (ALDH2*2/*2) were found to be strikingly 
responsive to small amounts of alcohol, as evidenced by pronounced cardiovas- 
cular hemodynamic effect as well as subjective perception of general discomfort 
as long as 2 hr following ingestion of alcohol [40]. In addition to the ALDH2*2 
allele, polymorphism in the ADH gene may also protect from alcoholism, espe- 
cially if the ADH1B*2 allele is present. In Asians, ADH1B has two common alle- 
lic forms—the wild-type ADH1B*1 and the variant ADH1B*2. Interestingly, the 
ADH1B*2 allele is found in almost 90% of the Asian population but in lower 
frequency in Caucasians (5—10%, but it may be found in higher percentages 
among eastern European Jews and Russians). This allele is associated with lower 
rates of alcohol dependence because the ADH enzyme encoded by this allele is 
superactive, resulting in rapid conversion of ethanol into acetaldehyde. This 
relationship was observed after taking into account the ALDH2*2 allele in 
Asians. However, the combination of ALDH2*2 and ADH1B*2 alleles may pro- 
vide additional protection from the development of alcohol use disorder. 
Luczak et al. reported that men and women with ALDH2*1/*2 had greater pulse 
rate increases, greater observed flushing responses, and greater subjective feeling 
of being dizzy, drunk, and high compared with ALDH2*1/*1 (wild-type) indivi- 
duals, despite having an equivalent breath alcohol concentration. The authors 
concluded that the low risk of alcoholism based on possession of the ALDH2*2 
allele relates to greater response to alcohol-related adverse reaction in both men 
and women [41]. Whitfield reported that the protective effect of ADH1B*2 in 
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Caucasians was approximately half that observed in Asians, suggesting that 
ALDH2*2 and ADH1B*2 each contribute unique protective effects against 
developing alcohol dependence [42]. 


The mechanism by which the ADH1B*2 allele protects from alcohol abuse is 
related to faster conversion of alcohol into acetaldehyde by the ADH superac- 
tive enzyme encoded by this allele compared to normal activity of the ADH 
enzyme encoded by the wild-type gene. Therefore, individuals who possess 
the ADH1B*2 allele may experience flushing, headache, and other alcohol- 
related adverse reactions due to acetaldehyde buildup. Moreover, an individ- 
ual who possesses both ADH1B*2 and ALDH2*2 alleles may experience 
further buildup of acetaldehyde in blood due to faster conversion of alcohol 
into acetaldehyde by ADH1B*2 but slower removal of acetaldehyde from 
blood due to the ALDH2*2 allele. Based on a study of 784 Asian American 
students (Chinese and Korean descent), Luczak et al. reported that the effect 
of the ADH1B*2 allele on alcohol-related hypersensitivity was experienced 
more strongly in Asians who already had heightened sensitivity to alcohol 
from possessing one ALDH2*2 allele. As expected, individuals who possessed 
one ALDH2*2 allele reported heightened initial response to alcohol even 
after consuming a low dose (one or two drinks) [43]. Although ADH1B*2 is 
more prevalent in Asians and protects carriers of this allele from alcohol 
abuse, in Caucasians the ADH1B*2 allele also provides protection from alco- 
hol use disorders [44]. Toth et al. reported that Hungarians who carried the 
ADH1B*2 allele showed reduced risk of developing alcoholism [45]. The 
ADH1B*2 allele is also observed in higher frequency in the Jewish popula- 
tion compared to other Caucasian populations, and as expected, this allele is 
also protective against alcoholism in the Jewish population. Carr et al. noted 
that men in the ADH1B*2 allele group reported more unpleasant reactions 
to alcohol compared to men who carried the wild-type ADH1B*1 gene. 
The authors concluded that ADH1B gene polymorphism was associated with 
unpleasant reactions to alcohol, and carriers of the ADH1B*2 allele con- 
sumed alcohol less frequently than men who were homozygous for 
ADH1B*1 [46]. 


The presence of the ADH1B*3 allele may lead to higher oxidative capacity of 
ethanol (i.e. more rapid ethanol oxidation to acetaldehyde). ADH1B*3 is 
found almost exclusively in populations of African ancestry, and this allele has 
been shown to be associated with lower rates of alcohol dependence [47]. 
Studies have shown that up to one-third of participants in African American 
samples may have the ADH1B*3 allele. One hypothesis to explain the protec- 
tive effect of this allele from the development of alcohol use disorder is the 
faster conversion of alcohol into acetaldehyde in these individuals and the 
fact that the higher level of acetaldehyde may trigger stronger alcohol-related 
adverse symptoms. In a study of 91 African American young adults, McCarthy 
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et al. observed that one-third of the participants had the ADH1B*3 allele, and 
even individuals with one ADH1B*3 allele reported experiencing greater seda- 
tion and increased pulse rate after consumption of alcohol compared to those 
homozygous for the ADH1B*1 allele. The increased pulse rate was probably 
related to acetaldehyde burst. The authors concluded that lower rates of alco- 
hol dependence in individuals carrying the ADH1B*3 allele may be related to 
sedation and the adverse response to alcohol [48]. 


The population of Trinidad is composed mainly of people from East India 
(Indo-Trinidadians) and Africa (Afro-Trinidadians). Moore et al. reported 
that the ADH1B*3 allele was associated with a reduced risk of alcoholism in 
Afro-Trinidadians, and a variant of the gene encoding ADHIC (i.e. 
ADHI1C*1) provided protection from alcoholism in Indo-Trinidadians [49]. 
Interestingly, studies involving African American mothers have shown that 
the ADH1B*3 allele in the mother may reduce the risk of alcohol-induced 
fetal/infant impairment. The higher alcohol elimination rate of ADH 
encoded by this allele probably has a protective effect against alcohol- 
induced developmental changes [50]. The ADH1C*1 allele appears to have 
some protective effects against alcoholism in Asian populations. However, 
this allele is usually co-inherited with the ADH1B*2 allele and may not have 
an independent effect on protecting an individual from alcohol abuse 
because the ADH1C*1 allele is in linkage disequilibrium with the ADH1B*2 
allele [51]. Polymorphisms of ADH and ALDH genes that have a protective 
effect against the development of alcohol use disorder are listed in Table 2.6. 


Table 2.6 Polymorphisms of Alcohol Dehydrogenase and Aldehyde 
Dehydrogenase Genes that Have a Protective Effect against the 
Development of Alcohol Use Disorder 


Allele Comments 


ALDH2*2 This gene encodes almost inactive ALDH2 enzyme in homozygotes 
(ALDH2*2/*2) and significantly reduced enzyme activity in heterozygotes 
(ALDH2*1/*2). Asians carrying two alleles (homozygotes) have almost 
complete protection from developing alcoholism. Carriers of one allele also 
have significant protection from developing alcoholism. 

ADH1B*2 This gene encodes ADH enzyme with much higher activity than normal ADH 
enzyme. Therefore, due to the accelerated metabolism of alcohol, individuals 
may experience a negative reaction after drinking due to acetaldehyde 
buildup. However, both ALDH2*2 and ADH1B*2 alleles may be present 
simultaneously in Asians, and such combination provides the highest 
protection from alcoholism. 

ADH1B*3 This allele is found in people of African American descent, and it also 

provides some protection from developing alcoholism. This allele may also 

be present in Native Americans. 

ADH1C*1 This appears to have a protective effect against alcoholism. 
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Although many studies have shown that individuals with ALDH2*2, 
ADH1B*2, and ADH1C*3 alleles are protected from the development of 
alcohol abuse, a variant of the ALDH1B1 gene (182228093; Ala69Val) was 
also associated with nondrinking and decreased total alcohol intake in a 
study based on a Caucasian population (1216 Danish men and women). 
However, more studies are needed to establish this initial observation [52]. 
Linneberg et al. reported an association of a variant of the ALDH1B1 gene 
(182228093) with alcohol-induced hypersensitivity in a study based on a 
population residing in Copenhagen. The alcohol-induced hypersensitivity in 
this Caucasian population was genetically determined and was probably 
related to the histamine-releasing effect of acetaldehyde [53]. 


2.6.2 Polymorphism of Alcohol Dehydrogenase and 
Aldehyde Dehydrogenase Genes that may Increase the Risk 
of Developing Alcohol Use Disorder 


Although the ALDH2*2 allele has a protective effect against alcoholism 
(due to acetaldehyde buildup and negative reaction after consuming alco- 
hol), the functional wild-type gene ALDH2*1 may increase the risk of alco- 
hol use disorder because no acetaldehyde buildup is associated with a 
functional allele. Similarly, the wild-type ADH1B*1 allele may also increase 
the risk of alcohol use disorder because ethanol is metabolized normally to 
acetaldehyde with no acetaldehyde buildup in blood. Several studies have 
shown an association of ADH1B*1 and ALDH2*1 with alcoholism, espe- 
cially in the Asian population. Kim et al. studied 1032 Korean subjects and 
concluded that alcohol dependence in 86.5% of alcoholic subjects can be 
attributed to ADH1B*1 and/or ALDH2*1 [54]. In a large study involving 
genotyping of 9080 Caucasian men and women from the general popula- 
tion, Tolstrup et al. observed that weekly alcohol intake on average was 9.8 
drinks in men with the ADH1B*1/*1 genotype compared to 7.5 drinks per 
week for men with the ADH1B*1/*2 genotype. In addition, the odds of any 
daily heavy and excessive drinking were two to four times greater among 
men and women with ADH1B*1 homozygotes compared to both men and 
women with ADH1B*2 homozygotes or heterozygotes. Using the Brief 
Michigan Alcoholism Screening Test (Brief MAST), the authors observed 
that men with the ADH1B*1/*1 genotype had a two- to fourfold increased 
risk of developing alcoholism compared to men with the ADH1B*2/*1 or 
ADH1B*2/*2 genotype. For ADHIC, the risk of heavy and excessive alcohol 
intake was 40—70% greater in men who were hetero- or homozygotes for 
the ADH1C*2 allele (slow ethanol metabolism) compared to men who 
were homozygotes for the ADHC*1 allele (fast ethanol metabolism). The 
authors further found that because the ADH1B*1 allele is found in more 
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than 90% of Caucasians and less than 10% of East Asians, the population 
attributable risk of heavy drinking and alcoholism by the ADHB*1/*1 geno- 
type was 67 and 62%, respectively, among Caucasians compared to 9 and 
24%, respectively, among East Asians [55]. 


Associations between polymorphism of ADH1B and ADHIC genes and pro- 
tection from alcohol use disorder or increased risk of alcohol use disorder 
have been extensively studied. In contrast, the potential association between 
ADHIA and alcohol dependence has been poorly studied because there is no 
report of coding variation in the ADH1A gene. However, synonymous varia- 
tion (silent variation) may affect transcription level and translation efficacy 
of density of wa ADH. Zuo et al. reported that ADH1A variation may contrib- 
ute to the genetic component of variation in personality trait and substance 
abuse disorder [56]. 


Polymorphism of the ADH4 gene may be associated with alcohol and drug 
dependence in European Americans. Luo et al. genotyped seven SNPs 
spanning the ADH4 gene in 365 healthy controls and 561 alcohol- and/or 
drug-dependent subjects and observed that SNP2 (181042363) at axon 9 or 
SNP6 (rs1800759) at the promoter region showed the greatest degree of 
Hardy—Weinberg disequilibrium with either alcohol dependence or drug 
dependence [57]. In addition, other rarely encountered polymorphisms of alco- 
hol dehydrogenase genes may lead to alcohol dependence. In a study of 49,353 
subjects, Zuo et al. observed that a rare variant constellation across the entire 
ADH gene cluster (AD7—ADH1C—ADH1B—ADH1A—ADH6—ADH4—ADH5) 
was associated with alcohol dependence in European Americans, European 
Australians, and African Americans. Association signal in this region came prin- 
cipally from ADH6, ADH7, ADH1B, and ADH1C; in particular, a rare ADH6 var- 
iant constellation showed a replicable association with alcohol dependence 
across these three independent cohorts [58]. Van Beek et al. reported an associa- 
tion between age of onset of regular alcohol use and an SNP just upstream 
of ADH7 (182654849) in the Dutch population. A significant association was 
also found between reactions to alcohol and polymorphism in ADH5 
(186827292) [59]. 





Liver cytosolic aldehyde dehydrogenase (ALDH1A) can also convert acetalde- 
hyde into acetate, especially when mitochondrial enzyme (ALDH2) is inactive. 
Moreover, no individual has been identified with a total absence of catalytic 
activity of ALDH1A. In addition, ALDH1A is involved in the degradation of 
dopamine in the ventral tegmental area as well as the synthesis of retinoic 
acid. Sequence analysis of the promoter region of the gene encoding the 
ALDHI1A enzyme indicated the presence of two polymorphisms: ALDH1A1 *2 
(17-bp deletion from position —416 to —432) and ALDH1A1*3 (3-bp inser- 
tion at —524). These polymorphisms may influence ALDH1A1 gene 


8 CHAPTER 2: Genetic Aspects of Alcohol Metabolism and Drinking Behavior 


expression; however, both polymorphisms are rarely encountered. The 
ALDH1A1*2 allele is observed in low frequencies among Asians (0.035), 
Caucasians (0.023), the Jewish population (0.023), and the African American 
population (0.012). The ALDH1A1*3 allele is found in low frequency among 
African Americans (0.029). Moore et al. reported that frequencies of 
ALDH1A1*1 (wild type), ALDH1A1*2, and ALDH1A1*3 in Afro-Trinidadians 
were 0.941, 0.035, and 0.024, respectively. However, the frequencies were 
0.926, 0.074, and 0.000 among Indo-Trinidadians, indicating that the 
ALDHA1*3 allele is found only among people of African descent. The authors 
also described a new polymorphism, ALDH1A1*4 [60]. Based on a study of 
463 southwest Californian Indians, Ehlers et al. reported that individuals with 
the ALDH1A1*2 allele had lower rates of alcohol dependence [61]. In contrast, 
other studies have indicated that this allele may be associated with alcohol 
dependence. Moore et al. observed that ALDH1A1*2 was associated with alco- 
hol dependence in Indo-Trinidadians [49]. Spencer et al. commented that 
both ALDH1A1*2 and ALDH1A1*3 alleles produced a trend in an African 
American population that may be indicative of association with alcoholism, 
but more observations are required to validate this observation [62]. Liu et al. 
observed a modest association between alcohol dependence and the 
ALDH14A1 gene (yin—yang haplotypes; i.e., haplotypes that have opposite alle- 
lic configuration) as well as the ADH4 gene (SNP rs3762894) in Finnish 
Caucasians, African Americans, plains American Indians, and southwest 
American Indians [26]. Polymorphisms of ADH and ALDH genes that may 
increase the risk of developing alcohol use disorder are listed in Table 2.7. 





Table 2.7 Polymorphisms of Alcohol Dehydrogenase and Aldehyde 
Dehydrogenase Genes that may Increase the Risk of Developing Alcohol 
Use Disorder® 


Allele Comments 


ADH1B*1 ~~ Homozygote men with wild-type ADH1B*1 allele have a two- to fourfold 
higher risk of alcoholism compared to men with ADH1B*2/*1 or ADH1B*2/*2 
genotype. 

ADH1C*2 Men with the ADH1C*2 allele have a higher risk of heavy drinking than men 
with ADH1C*1, but the ADHIC genotype in general is not associated with 
alcoholism. 

ALDH2*1 _ This wild-type gene leads to normal acetaldehyde metabolism and is 
associated with an increased risk of alcohol abuse because there is a lack of 
acetaldehyde buildup so that individuals do not experience the negative 
effects of drinking, such as alcohol flushing. Kim et a/. studied 1032 Korean 
subjects and concluded that alcoholism in 86.5% of the alcoholic subjects 
could be attributed to ADH1B*7 and/or the ALDH2"*7 allele [54]. 





“There are polymorphisms of ADH4, ADH6, and ADH7 that may be associated with an increased risk 
of developing alcohol use disorder, but more studies are needed to establish their role in the 
development of this disorder. 





2.7 POLYMORPHISM OF THE CYP2E7 GENE 


With higher consumption of alcohol, especially in individuals with alcohol 
use disorder, the liver CYP2E1 enzyme is activated and contributes signifi- 
cantly to the oxidation of ethanol into acetaldehyde in chronic alcohol abu- 
sers. The CYP2E1 enzyme is encoded by the CYP2E1 gene located on 
chromosome 10 (10q26.3). The effect of polymorphism of the CYP2E1 gene 
on ethanol metabolism has also been studied. Although several CYP2E1 
polymorphisms have been reported, four polymorphisms—CYP2E1*5B (c2 
allele), CYP2E1*6 (C allele), CYP2E1*1B (A1 allele), and CYP2E1*1D (IC 
allele)—may have an association with alcoholism and related disorders. 
Carriers of the c2 allele (CYP2E1*5B) have often been found to have an 
increased risk for alcoholic liver disease, possibly due to an increased ten- 
dency to consume excessive amounts of alcohol. The C allele (CYP2E1*6) 
has been associated with predisposition of alcoholism in Japanese men. The 
A1 allele was found more commonly in alcoholics than in nonalcoholic indi- 
viduals in a Mexican Indian population. Webb et al. observed an association 
of SNP 1s10776687 that is in complete linkage disequilibrium with the c1 
allele of CYP2E1*5B (1s2031920), indicating that this marker is associated 
with the level of response to alcohol [63]. However, some studies have found 
no association between CYP2E1 gene polymorphism and alcohol use disor- 
der. Cichoz-Lach et al. determined allele and genotype frequency of ADH1B, 
ADHIC, and CYP2E1 in 204 alcohol-dependent Polish men and 172 healthy 
volunteers who did not drink alcohol (control). The authors observed no sta- 
tistical difference between the distribution of the CYP2E1 allele and genotype 
between alcohol-dependent subjects and controls [64]. 


2.8 CONCLUSIONS 


Alcohol oxidation occurs mainly in the liver, catalyzed by cytosolic ADH and 
mitochondrial ALDH2 enzymes. Genetic polymorphism of the ADH1B gene 
results in genes that encode the more active form of the ADH enzyme com- 
pared to enzyme activity encoded by the wild type. As a result, some ADH 
isoenzymes may cause acetaldehyde buildup in the blood due to their super- 
activity, and individuals with these genetic makeups tend to avoid alcohol 
because many unpleasant reactions of alcohol are related to acetaldehyde 
accumulation in blood. However, Kang et al. reported that blood ethanol 
concentrations of the ADH1B*2/*2 group were higher than those of the 
ADH1B*1/*2 group, regardless of ALDH2 genotype, and blood acetaldehyde 
concentrations of the ADH1B*2/*2 group were also higher than those of 
ADH1B*1/*2 only in the ALDH2*1/*2 group. It is known that the ADH1B*2 
allele encodes the ADH enzyme, which is much more active than the normal 
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ADH enzyme encoded by the wild-type gene. Therefore, the finding that indi- 
viduals with the ADH1B*2/*2 genotype showed higher blood alcohol levels 
than individuals with the ADH1B*1/*2 genotype is surprising and difficult to 
explain because a lower level of blood ethanol is expected in individuals car- 
rying the ADH1B*2 allele. Other investigators reported that ADH1B polymor- 
phism did not affect peak blood ethanol level or AUC of ethanol, but 
ALDH2 polymorphism had an effect on both blood ethanol and acetalde- 
hyde level. Because this study was based on 24 subjects, the authors com- 
mented that larger follow-up studies are needed to validate their initial 
findings. Nevertheless, they concluded that higher blood ethanol and acetal- 
dehyde levels in the ADH1B*2/*2 genotype-carrying individuals may consti- 
tute the mechanism of protection against alcoholism by this genotype [65]. 


In general, it is assumed that carriers of ADH1B*2 and ADH1B*3 (which encodes 
superactive ADH isoenzymes) alleles are protected from alcohol use disorder 
because these individuals may refrain from drinking due to acetaldehyde buildup 
in blood following imbibition of alcoholic beverages. Acetaldehyde buildup in 
blood is associated with many unpleasant reactions following the consumption 
of alcohol. Similarly, the ALDH2*2 allele results in an inactive ALDH2 enzyme, 
and individuals who are homozygotes (ALDH2*2/*2) (observed mostly in the 
East Asian population) are almost 100% protected from alcohol use disorders. 
Carriers of both ALDH2*2 and ADH1B*2 alleles are most protected from devel- 
oping alcohol use disorders. However, alcohol use disorder is a complex disorder 
involving extensive interactions between genes and environment. 
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CHAPTER 3 


Measurement of Alcohol Levels in Body 
Fluids and Transdermal Alcohol Sensors 


3.1 INTRODUCTION 


Alcohol levels are measured in various blood fluids, including blood, breath, 
urine, and saliva. In addition, transdermal alcohol sensors are used in the 
criminal justice system. Measurement of alcohol in various specimens is sum- 
marized in Table 3.1. Although blood alcohol measurement can be consid- 
ered the most reliable test in legal situations, especially for prosecuting 
individuals who were impaired due to alcohol consumption at the time of 
the incident, breath alcohol is more commonly measured in such situations 
and a blood alcohol determination may or may not follow. Breath alcohol 
results can be converted into blood alcohol results using the known partition 
of alcohol between blood and alveolar air. If an evidentiary breath analyzer 
is used by a police officer, such evidence is admissible in a court of law. 
Emergency room physicians may use breath analyzers to determine alcohol 
levels in patients who appear intoxicated after motor vehicle accidents, or 
they may order a blood alcohol test, which could be determined in the clini- 
cal laboratory. 


DWI stands for “driving while intoxicated” or “driving while impaired.” A sim- 
ilar term is DUI, which stands for “driving under the influence.” Both offenses 
may be related to alcohol and/or drug use (illegal drugs as well as some pre- 
scription medications may impair driving) and the terms may be used inter- 
changeably depending on the state. However, in some states, the drunk 
driving laws are different for DUI and DWI: A DUI charge may indicate a lesser 
degree of intoxication and may carry a lesser penalty than DWI. Although 
impairment may also be drug related, alcohol is the major cause of DWI not 
only in the United States but also worldwide. Alcohol-related motor vehicle 
accidents kill approximately 17,000 Americans annually and are associated 
with more than $51 billion in total costs annually. There is a strong correla- 
tion between binge drinkers and alcohol-impaired drivers in the United 
States. In one study, it was found that overall, 84% of all alcohol-impaired 
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Table 3.1 Alcohol Testing of Various Specimens 


Specimen 


Blood 
(whole blood 
or serum) 


Breath 


Perspiration/ 
sweat 


Analytical Method 


Enzymatic assays are usually 
applicable for determination of 
serum/plasma ethanol level, 
whereas more specific gas 
chromatography or gas 
chromatography/mass 
spectrometric methods can be 
applied for analysis of either 
serum or whole blood ethanol 
level. 


Breath analyzers may use 
colorimetry, infrared 
spectroscopy, fuel cell 
technology, or mixed 
technology (infrared and fuel 
cell). Ignition lock devices also 
measure alcohol in exhaled 
breath and use similar 
techniques. 


Enzymatic assay used for 
serum ethanol determination 
may be modified to determine 
urine ethanol concentration, 
but gas chromatography or 
gas chromatography/mass 
spectrometric methods are 
more specific for urine alcohol 
determination. 


Enzymatic assay can be used 
to measure ethanol levels in 
saliva. However, 
chromatographic methods are 
more specific. 


Transdermal alcohol sensors 
such as SCRAM are based on 
electrochemical determination 
of alcohol (fuel cell technology) 
that is excreted transdermally 
(~1% of total alcohol 
consumed). 


Limitations/Comments 


Blood specimen is the preferred specimen 
for legal alcohol determination. 

Enzymatic assays suffer from interference if 
high amounts of lactate and lactate 
dehydrogenase are present in serurn/ 
plasma. 

Propyl alcohol may also interfere. 
Chromatographic methods are very 
specific and relatively free from interference. 


The breath alcohol test is the most 
commonly used alcohol test, but it is 
subject to interference (see Box 3.1). 

In general, for the majority of individuals, 
breath analyzers underestimate blood 
alcohol level by approximately 15%. 
However, in smaller people, breath alcohol 
tests may overestimate blood alcoho! due 
to small lung volume. 

Hyperventilation prior to testing may lower 
the breath alcohol test result, whereas 
holding breath before testing may increase 
the reading. 
Urine alcohol is determined less often than 
blood or breath alcohol. 

Urine must be collected with a preservative 
such as sodium fluoride to prevent post 
collection ethanol production if sugar and 
yeast such as Candida are present in urine. 











Ethanol is less commonly measured in 
saliva. 

QED device for measuring ethanol in saliva 
suffers from interference from propyl 
alcohol. Isopropyl alcohol may also cause 
interference, but this is much lower in 
magnitude than that due to propyl alcohol. 
Alco-Screen is a saliva dipstick that can be 
used as a screening device, but for 
definitive diagnosis, a confirmatory test 
such as blood or breath alcohol must be 
conducted. 

Transdermal alcoho! monitoring is a 
continuous alcohol monitoring process 
usually used to ensure abstinence from 
alcohol in the criminal justice system. 
There is a lag time (33—53 min, depending 
on the amount of alcohol consumed) 
between the appearance of peak blood 
alcohol and peak transdermal alcohol. 








Table 3.2 Legal Limit for Driving in Various Countries 


Legal Limit | Countries 


0.08% BAC United States, Canada, Brazil, Chile, Ecuador, Mexico, New Zealand, 
Ireland, Malta, Singapore, Uganda, Zimbabwe 

0.05% BAC Austria, Belgium, Bulgaria, Costa Rica, Denmark, Finland, Greece, Hong 
Kong, Israel, Peru, Portugal, Serbia, Spain, Switzerland, Thailand, Turkey, 
Italy, Korea, Taiwan, Russia, Yugoslavia 


0.04% BAC Belarus, Lithuania 

0.08% BAC India, Japan, China, Moldova, Turkmenistan 
0.02% BAC China, Poland, Norway, Sweden, Estonia 
0.01% BAC Albania 


Zero Saudi Arabia, United Arab Emirates, Brazil, Bangladesh, Hungary, Czech 
Republic, Romania, Jordan, Bahrain, Mali, Pakistan, Saudi Arabia 








BAC, blood alcohol content. 


drivers were binge drinkers. Non-heavy drinkers are also involved in alcohol- 
related motor vehicle accidents [1]. 


Currently, in all states in the United States, the legal limit for driving is 0.08% 
alcohol in whole blood. Alcohol concentration is higher in serum than in 
whole blood; to calculate the whole blood concentration of alcohol, the mea- 
sured serum concentration must be multiplied by a factor that is generally 
taken as 0.87. In Switzerland, Denmark, Italy, The Netherlands, Austria, 
Australia, China, Thailand, and Turkey, the upper acceptable limit for driving 
is an alcohol level in blood of 0.05%. In Japan, the upper acceptable limit is 
only 0.03%, and in countries such as various Middle Eastern countries, 
Hungary, Romania, and Georgia, there is a zero tolerance for blood alcohol in 
drivers. The legal limits for driving in some countries are listed in Table 3.2. 


In general, alcohol is eliminated from blood following zero-order kinetics, 
and the average rate of elimination is 15 mg/dL per hour. Usually, ethanol 
in blood can be detected 6—8 hr after consumption, depending on the 
amount of alcohol consumed. For example, if initial blood alcohol is 0.1% 
(100 mg/dL), it will take approximately 6 hr for the blood alcohol level to 
be less than 20 mg/dL—the limit of quantification in many enzymatic alco- 
hol assays. With very high blood alcohol, such as 0.25% (250 mg/dL), it will 
take 15 hr for the blood concentration to be reduced to 25 mg/dL, assuming 
the average elimination rate of 15 mg/dL per hr. However, such a high alco- 
hol level is expected only in alcoholics, who usually have much higher rates 
of elimination due to activation of the CYP2E1 pathway (see Chapter 2 for 
details). Assuming a typical elimination rate of 25 mg/dL per hour in alco- 
holics, ethanol will be detected in blood approximately 9 hr after consump- 
tion. In general, the disappearance of ethanol from blood and breath follows 
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a similar pattern. Jones et al. reported that the average disappearance rate of 
alcohol from venous blood was 15.2 mg/dL per hour, whereas the average 
rate of disappearance of alcohol from breath was equivalent to 16.3 mg/dL 
per hour of blood alcohol [2]. Pavlic et al. reported that the average rate of 
elimination of blood alcohol was 16.9 mg/dL per hour, whereas the average 
elimination rate of breath alcohol was 0.082 mg/L per hour measured by an 
Alcotest 7110MK III breath analyzer [3]. This elimination rate of breath alco- 
hol is equivalent to 17.2 mg/dL per hour blood alcohol (breath alcohol 
value in milligrams per liter is multiplied by 210 to produce the equivalent 
blood alcohol value expressed as milligrams per deciliter). In general, alcohol 
can be detected for a slightly longer time in urine compared to blood. 


3.2 BREATH ALCOHOL DETERMINATION 


Breath analyzers have been reliably used to estimate blood alcohol concen- 
tration since the 1970s. Depending on the state, for prosecution of DWI, 
alcohol determined by an evidentiary breath analyzer may be admissible in 
the court of law. In general, blood alcohol determined by gas chromatogra- 
phy (GC) is subjected to very little interference, but breath alcohol may be 
affected by certain interfering substances. Nevertheless, evidentiary breath 
analyzers that are approved by the National Highway Traffic Safety 
Administration and used by law enforcement are reliable, and evidence is 
admissible in court. Moreover, interlock devices in vehicles also work on the 
principle of breath alcohol analysis. 


A very small amount of alcohol is found in human breath. Only air in the 
deepest portion of the lung known as the alveolar sacs comes into contact 
with alcohol if present in blood, and there is equilibrium between alcohol in 
the exhaled air and alcohol in blood. The estimated ratio between breath 
alcohol and blood alcohol is 1:2100. This ratio is used in various breath 
alcohol analyzers to calculate blood alcohol level based on the concentration 
of ethanol in exhaled air by multiplying breath alcohol concentration 
expressed in milligrams per liter by 2100 to obtain the ethanol level per liter 
of blood (or by multiplying by 210 to obtain blood alcohol expressed as 
milligrams per deciliter). Some breath analyzer software may automatically 
calculate blood alcohol values from the observed breath alcohol level. This 
process of equilibrium of alcohol between alveolar air and blood is based on 
Henry’s law, which states that the ratio between alcohol in blood and alco- 
hol in deep lung air is constant. However, blood alcohol measurement is a 
direct measurement, and there are established guidelines for assessing the 
degree of impairment of individuals based on blood alcohol level and 
drinking history. 


3.2 Breath Alcohol Determination ca 


3.2.1 Chemical Principle of Breath Alcohol Analyzers 


There are four types of breath analyzer: 


a Analyzers that use color change due to a chemical reaction to 
determine alcohol level 

a Analyzers based on infrared spectroscopy 

a Analyzers based on fuel cell technology 

= Analyzers based on mixed technology (infrared and fuel cell) and other 
techniques. 


The earliest developed breath analyzer was based on a chemical principle in 
which exhaled air passed through a cocktail of chemicals containing sulfuric 
acid, potassium dichromate, silver nitrate, and water. Silver nitrate catalyzes 
the reaction in which alcohol, in the presence of sulfuric acid, turns orange 
potassium dichromate solution green due to conversion of potassium 
dichromate into chromium sulfate. The intensity of the green color can be 
used to estimate the amount of alcohol in the exhaled air. Captain Robert 
Borkenstein of the Indiana State Police used this chemical principle to 
develop breath analyzers in 1954, and some breath alcohol analyzers still 
use this principle. The Breathalyzer is the oldest breath alcohol analyzer; it 
is based on the principle of color change of potassium dichromate solution 
in the presence of alcohol and then analysis using spectroscopy after a spec- 
ified time to ensure complete reaction. The analyzer contains two vials of 
chemical cocktail. After a subject exhales into the device, the air is passed 
through one vial; if alcohol is present in the exhale, a color change occurs. 
A system of photocells is connected to a meter to measure color change 
associated with the chemical reaction by comparing the response from the 
second vial (through which no air is passed), thus producing an electrical 
signal proportional to color change in the reaction vial. This electrical signal 
can cause the meter indicator to move (more alcohol, more signal and 
higher reading), and the alcohol level in subjects can be thus determined. 
Breathalyzer was the brand name originally developed and marketed by 
Smith & Wesson, which sold the brand to the German company Draeger. 
The Breathalyzer 900 model was replaced by newer versions, such as model 
1100, but this technology is subject to interference from a variety of sub- 
stances; as such, other companies have focused on developing more robust 
technology for breath alcohol analysis. 


There are many evidentiary breath alcohol analyzers that are based on the 
principle of infrared (IR) spectroscopy for quantitative determination of alco- 
hol in exhaled air. The Intoxilyzer was originally developed by Omicron 
(Palo Alto, CA) and later sold to CMI (Owensboro, KY). The earlier models 
were 4011 A, 4011 S, and the Intoxilyzer 5000, which is used as an eviden- 
tiary breath alcohol analyzer; an Intoxilyzer 8000 model is now 
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commercially available. Many states use this analyzer as the evidentiary 
breath analyzer. In addition to the Intoxilyzer, DataMaster cdm (National 
Patent Analytical System, Mansfield, OH), which is also used in many states 
as the evidentiary breath alcohol analyzer, is based on IR spectroscopy tech- 
nology. The Intoxilyzer 5000 uses a five-wavelength filter at 3.36, 3.4, 3.47, 
3.52, and 3.8 um and thus can differentiate between ethanol and common 
sources of interference in exhaled air, such as acetone, acetaldehyde, and tol- 
uene. The 3.4-um wavelength is used to detect alcohol, the 3.47-um wave- 
length identifies interfering substances, and the 3.9-um wavelength is used as 
the reference wavelength. The Intoxilyzer 8000 uses a pulsed IR source 
instead of moving wavelength filter and also uses dual wavelength for mea- 
suring alcohol in breath (3.4 and 9.36 um). It also has more advanced com- 
puter technology to provide more accurate alcohol level results. DataMaster 
cdm, an evidentiary breath analyzer widely used by police officers in many 
states, is also based on the principle of IR spectra, where alcohol is detected 
using two different wavelengths (3.37 and 3.44 pm). 


Several different brands of evidentiary breath alcohol analyzers are based on 
the principle of fuel cell technology, including Alcotest models 6510, 6810, 
and 7410 (National Drager, Durango, CO) and Alco-Sensor II and IV 
(Intoximeters, St. Louis, MO), which are evidentiary breath analyzers. The 
fuel cell is a porous disk coated on both sides with platinum oxide (also 
called platinum black). The porous layer is impregnated with acidic solution 
containing various electrolytes so that charged particles such as hydrogen 
ions can travel through the medium. In addition, both sides of the disk con- 
taining platinum oxide are connected with a platinum wire. The fuel cell is 
mounted in a case along with the entire assembly so that when a person 
blows into the disposable mouthpiece, the air travels through the fuel cell. If 
any alcohol is present in the exhaled air, the alcohol is converted into acetic 
acid, hydrogen ions, and electrons on the top surface by the platinum oxide. 
Then the hydrogen ions travel to the bottom surface (which also contains 
platinum oxide) and water is formed by their combining with oxygen present 
in the air. In this process, electrons are removed from the platinum oxide. 
Because there is an electron excess on the top surface and an electron deficit 
on the bottom surface, electrons flow from one surface to another, generating 
an electric current that flows through the platinum wire. The intensity of the 
current is proportional to the amount of alcohol present in the exhaled air. 
The instrument's microprocessor then converts the current to equivalent 
blood alcohol. 


Some evidentiary breath analyzers are based on both fuel cell and IR spec- 
troscopy technology, which gives them good sensitivity and specificity for 
analyzing alcohol on breath. Various models of the Intox EC/IR 1 desktop 
evidentiary alcohol breath analyzers (Intoximeters) combine reliable fuel cell 
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analysis with the real-time analytical advantages of IR technology. 
Semiconductor alcohol sensors are used in inexpensive breath analyzers mar- 
keted to the general public. However, sensor response is nonspecific to alco- 
hol and nonlinear in response. For example, semiconductor sensors will 
respond to particles and gases present in cigarette smoke. The gas chromatog- 
raphy technique (discussed later) applied for analysis of blood alcohol may 
also be used for breath alcohol analysis [4]. 


3.2.2 Effect of Breathing Pattern on Breath Alcohol Test 
Results 


The breath alcohol test is a single exhalation maneuver in which a subject 
is asked to inhale air (preferably a full inhalation to total lung capacity) 
and then exhale (preferably a full exhalation to residual volume) into the 
breath analyzer instrument. The assumption is that alcohol concentration 
in exhaled breath is equal to that in alveolar air. Very few restrictions, such 
as exhaled volume, exhaled flow rate, inhaled volume, and pretest breath- 
ing pattern, are placed on the breathing maneuver. In general, the ethanol 
level in end-exhaled air is always lower than that in alveolar air. When per- 
forming a breath alcohol test, the subject is asked to inhale ambient air and 
exhale into the breath analyzer (usually 1.1—1.5 L of exhaled air is required 
for the test). Therefore, smaller subjects with smaller lung capacity must 
exhale a greater fraction of air in their lungs to fulfill the minimum volume 
requirement of the analyzer; as a result, the alcohol breath test could over- 
estimate the blood alcohol level in smaller subjects compared to larger sub- 
jects with larger lung capacity. In addition, in normal circumstances, a 
single exhalation alcohol breath test shows a gradual and continually 
increasing breath alcohol level [5]. Breathing pattern may also affect breath 
alcohol test results because values may decrease by 11% in the case of pre- 
test hyperventilation and may increase by 15% in the case of pretest breath 
hold. However, other investigators have reported an average decrease of 
4.4% due to hyperventilation and an average increase of 6.7% due to 
breath hold (relative hypoventilation). George et al. used a mathematical 
model and reported that hyperventilation may cause an average 4.4% 
decrease in the breath alcohol test result, whereas hypoventilation may 
increase the value by 3.7%. Inhaling hot humid air may decrease the value 
by 2.9%, whereas inhaling hot dry air, cold humid air, or cold dry air has 
minimal effects [6]. 


3.2.3 Interference in Various Breath Alcohol Analyzers 


Kechagias et al. compared blood alcohol values with values obtained by 
breath alcohol analyzer (DataMaster) in patients with gastroesophageal 
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reflux disease and concluded that it is highly improbable that breath 
alcohol analyzers overestimate true blood alcohol values due to eruption 
of alcohol from the stomach to the mouth caused by gastric reflux [7]. 
Sometimes a driver stopped by police may use mouthwash to hide alco- 
holic breath. Because some mouthwashes contain alcohol, use of a 
mouthwash prior to taking a breath alcohol analysis may cause falsely 
elevated breath alcohol results. However, residual alcohol evaporates 
from the mouth rapidly; this is the reason why there is a 15-min waiting 
period in police stations that is supervised so that suspects cannot take 
anything by mouth during this period. Fessler et al. studied the effect of 
alcohol-based substances, such as mouthwash, cough mixture, and breath 
spray, just prior to breath alcohol measurement using the Drager eviden- 
tiary portable breath alcohol analyzer on 25 volunteers. The authors con- 
cluded that a 15-min waiting period was necessary to ensure that there 
was no residual alcohol in the mouth after using mouthwash and other 
alcohol-containing products. Otherwise, alcohol from mouthwash may 
interfere with breath alcohol analysis, causing falsely elevated values [8]. 
Harding et al. studied the effect of dentures and denture adhesives on 
mouth alcohol retention using the Intoxilyzer 5000 and concluded that 
dentures had no significant effect on breath alcohol test results as long as 
a waiting period of 20 min was observed prior to testing [9]. Logan et al. 
evaluated the effect of asthma inhalers and nasal decongestant sprays on 
breath alcohol tests and observed that the only product that had any 
effect on breath alcohol tests was Primatene Mist containing 34% ethyl 
alcohol, but alcohol was eliminated from the breath within 5 min. The 
authors concluded that inclusion of a 15-min deprivation period during 
which no food or drink could be consumed prior to an evidential breath 
test was an adequate safeguard against interference in the test caused by 
alcohol-containing inhalers [10]. 


Consuming energy drinks while driving is legal, but some energy drinks con- 
tain very low levels of alcohol. When volunteers drank various energy drinks, 
11 of 27 drinks gave positive results using evidentiary breath analyzers when 
testing was done just after consumption. However, after a 15-min waiting 
period, all breath alcohol analysis reports were negative. The authors con- 
cluded that a 15-min waiting period eliminates the possibility of testing false 
positive after consuming an energy drink with low alcohol content [11]. 
Laakso et al. studied the effect of various volatile solvents for potential inter- 
ference with breath alcohol analysis using the Drager 7110 evidentiary breath 
analyzer. They concluded that acetone, methyl ethyl ketone, methyl isobutyl 
ketone, ethyl acetate, and diethyl ether did not interfere with breath alcohol 
measurement significantly, but propyl alcohol and isopropyl alcohol had a 
significant effect on breath alcohol measurement [12]. Jones and Rossner 


3.2 Breath Alcohol Determination 


BOX 3.1 INTERFERENCE IN BREATH ALCOHOL TEST 


Mouthwash containing alcohol: Wait for B-hydroxybutyric acid are high. Although 
at least 15 min prior to taking breath acetone does not interfere with breath 
analyzer test. analyzer tests, it is known to be 

Some energy drinks may contain converted into isopropyl alcohol by the 
alcohol: Wait for at least 15 min prior to action of liver alcohol dehydrogenase, 
taking breath analyzer test. and isopropyl alcohol can interfere with 
Propyl alcohol. breath analyzer tests. 

Isopropyl alcohol. Glue sniffing may cause false-positive 
Ketogenic diet leads to a stage called test results because glue contains 
ketonemia, in which concentrations of hydrocarbons, ethyl acetate, and 
acetone, acetoacetic acid, and toluene. 





described a case in which a 59-year-old man undergoing a weight loss pro- 
gram using a ketogenic diet attempted to drive a car that was fitted with an 
alcohol ignition interlock device, the vehicle proving impossible to start. 
Because he had completely stopped drinking, he was surprised and upset. 
The ketogenic diet used for treating obesity and controlling seizures in some 
epileptic children is high in fat, very low in carbohydrates, and also has ade- 
quate protein. The goal is to burn fat to get energy rather than getting it from 
glucose, which is formed by carbohydrate metabolism. However, consuming 
the ketogenic diet led to a stage called ketonemia, in which concentrations of 
acetone, acetoacetic acid, and $-hydroxybutyric acid are high. The high levels 
of acetone lead to its presence in exhaled air. The interlock device in the car 
determines alcohol by an electrochemical oxidation method, and acetone 
does not interfere with the process. However, acetone is known to be con- 
verted into isopropyl alcohol by the action of liver alcohol dehydrogenase, 
and isopropyl alcohol can be falsely identified as ethanol by the ignition 
interlock device. In addition, methanol and propanol can also be falsely 
identified as alcohol. The authors concluded that the side effects of ketogenic 
diets need further evaluation by authorities, especially for people involved in 
safety-sensitive positions such as airline pilots and bus drivers who are sub- 
jected to much tougher alcohol tolerance policies [13]. Glue sniffing may 
cause false-positive breath alcohol test results because glue contains aliphatic 
hydrocarbons, ethyl acetate, and toluene [14]. Methanol poisoning is danger- 
ous because it may cause death or blindness. Methanol poisoning may cause 
false-positive test results with breath analyzers. In one report, the authors 
observed that toluene, xylene, methanol, and isopropyl alcohol in exhaled 
air were mistakenly identified as breath alcohol by the Intoxilyzer 5000 evi- 
dentiary breath alcohol analyzer [15]. Common sources of interference in 
breath alcohol analyzers are summarized in Box 3.1. 
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CASE REPORT 3.1 


A 47-year-old man who was found at a public park acting in interference of methanol. As expected, the patient's serum 
an intoxicated manner was given a breath analyzer test ata methanol level was 589 mg/dL, but the serum ethylene gly- 
police station using the Intoxilyzer 5000 EN, which showed a_ col level was less than 5mg/dL. The patient was initially 
concentration corresponding to 288 mg/dL blood alcohol. treated with fomepizole and then with ethanol infusion to 
The subject admitted that he was suicidal and was trans- reduce metabolism of methanol to toxic formaldehyde 
ported to a hospital. In the emergency room, the patient metabolite. Hemodialysis was initiated 9 hr after ingestion, 
admitted drinking gas line antifreeze, which contains 99% and 44hr after ingestion his serum methanol level was 
methanol. The serum drug screen for alcohol showed a reduced to 22 mg/dL. The visual activity of the patient was 
negative result, indicating that the positive ethanol level not affected by methanol intoxication. Finally, he was trans- 
recorded by the breath analyzer was false positive due to ferred to a psychiatric facility [16]. 


3.3 BLOOD ALCOHOL DETERMINATION 


In general, whole blood alcohol level is determined using GC in a forensic 
laboratory, whereas serum or plasma alcohol is determined in a hospital 
laboratory either by an enzymatic method or by GC. Because the legal limit 
for driving a vehicle in the United States is 0.08% (80 mg/dL) of whole 
blood, if serum alcohol readings are used as evidence, the results must be 
converted into those for whole blood alcohol. In a study of 212 consecutive 
patients admitted to a hospital trauma center, serum was analyzed for etha- 
nol using an enzymatic method, whereas whole blood was analyzed using 
GC in a forensic toxicology laboratory. The authors observed that the serum 
to whole blood alcohol ratio was dependent on alcohol concentration, but 
the values ranged from 1.12 to 1.18. However, using a linear regression 
model, adequate predictions of whole blood alcohol can be made based on 
the serum alcohol level. For example, at a 95% confidence level, a serum 
alcohol concentration of 103 mg/dL corresponds to a whole blood alcohol 
of 80 mg/dL [17]. Rainey reported that the ratio between serum and whole 
blood alcohol ranged from 0.88 to 1.59, but the median value was 1.15. 
Therefore, dividing the serum alcohol value by 1.15 provides the whole 
blood alcohol concentration, and multiplying the serum alcohol reading by 
0.87 should also provide the whole blood alcohol concentration [18]. The 
molecular weight of ethanol is 46. Therefore, if ethanol concentration is 
expressed as millimoles per liter, then the value should be multiplied by 
4.6 to obtain the ethanol concentration in milligrams per deciliter, a unit 
more commonly used in the United States. For example, the ethanol level 
of 17.4 mmol/L is equivalent to 80 mg/dL. 


3.3 Blood Alcohol Determination 


3.3.1 Enzymatic Alcohol Assays and Limitations 


In hospital laboratories, ethyl alcohol is analyzed using enzymatic methods 
and automated analyzers. Several types of automated analyzer are available 
from various diagnostics companies that are capable of analyzing alcohol in 
serum or plasma. Enzyme-based automated methods are generally not appli- 
cable for analysis of whole blood, although modified methods are available 
for analysis of alcohol in urine specimens. Enzymatic assay of alcohol is 
based on the principle of conversion of alcohol to acetaldehyde by alcohol 
dehydrogenase, and in this process NAD is converted into NADH: 


Alcohol dehydrogenase 
Ethanol > Acetaldehyde 


C N 


NAD NADH (absorbs at 340 nm) 





Whereas NAD has no absorption of ultraviolet light at 340-nm wavelength, 
NADH absorbs at 340 nm. Therefore, an absorption peak is observed when 
alcohol is converted into acetaldehyde due to simultaneous conversion of 
NAD into NADH. The intensity of the peak is proportional to the amount of 
alcohol present in the specimen. If no alcohol is present, no peak is 
observed. Usually, methanol, isopropyl alcohol, ethylene glycol, and acetone 
have negligible effects on alcohol determination using enzymatic methods, 
but propanol, if present, may elevate the true alcohol value by 15—20%. 
Whereas isopropyl alcohol, which is used as rubbing alcohol, is commonly 
used in households, propanol is used much less frequently in household 
products. Instead of ultraviolet detection, other detection methods may be 
used in enzymatic assays of alcohol based on alcohol dehydrogenase. For 
example, in the assay design, in addition to alcohol dehydrogenase, the 
enzyme diaphorase can be used to generate a color change in a dye. The 
method was originally designed for the Abbott TDx/FLx platforms and is cur- 
rently available on the Abbott AxSYM. Radiative energy attenuation measures 
the degree of inhibition of the fluorescence of fluorescein dye resulting from 
the production of a colored product. 


In the enzymatic alcohol method, major interference is caused by lactate 
dehydrogenase (LDH) and lactate, which may result in false-positive alco- 
hol levels in patients with lactic acidosis. In addition, enzymatic alcohol 
assay is unsuitable for determination of alcohol in postmortem blood 
because high concentrations of LDH and lactate are present in postmortem 
blood. Therefore, only GC can be used to measure alcohol in postmortem 
specimens. In one report, the authors observed 690 mg/dL (0.69%) of 
alcohol in serum using an enzymatic method for alcohol in a patient, but 
GC did not show any alcohol in the same serum specimen [19]. This 
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patient had end-stage renal disease and received a kidney transplant; at 
the time blood was drawn, she had severe metabolic acidosis and was 
admitted to hospital. The LDH concentration was 27,000 U/L, and the lac- 
tate concentration, 15.0 mmol/L. However, the authors observed no appar- 
ent alcohol level in any specimen containing normal levels of LDH and 
lactate [19]. Badcock and O’Reilly reported false-positive ethanol levels in 
postmortem plasma of infants who had died from sudden infant death 
syndrome, using the enzyme multiplied immunoassay technique (EMIT; 
Syva, San Jose, CA) for alcohol assay, which utilizes alcohol dehydroge- 
nase. The authors suspected that elevated LDH and lactate were causing 
interference and established that an LDH concentration of 2800 U/L or 
greater and a lactate concentration of 20 mmol/L or greater were needed 
to obtain a false-positive alcohol result. The mean plasma LDH value in 
sera of infants with falsely elevated alcohol by the EMIT assay was 
6430 U/L, whereas the mean plasma lactate level was 91 mmol/L, thus 
explaining the observed interference [20]. Nine et al. noted that elevated 
serum LDH and lactate can cause varying degrees of false-positive ethyl 
alcohol results in three enzymatic immunoassays (Syva EMIT, Abbott, and 
Roche alcohol assay) [21]. 


Lactate concentrations also tend to increase in trauma patients. Dunne 
et al. reported that 27% (3536) of 13,102 patients had positive alcohol 
screen (mean alcohol, 141 mg/dL; range, 10—508 mg/dL) [22]. In contrast, 
Winek et al. compared the alcohol concentration obtained by an enzyme 
assay (Dimension Analyzer, Siemens Diagnostics, Deerfield, IL) and by 
GC in trauma patients and observed no false-positive results using the 
enzyme assay. Alcohol concentrations obtained by the enzyme assay corre- 
lated well with GC values, and only in 6 specimens (out of 27) did the 
differences exceed 10%, with the highest difference being 22%. The 
authors concluded that the enzyme method can be used in hospital labo- 
ratories for the determination of alcohol concentrations in trauma 
patients [23]. Contrasting results may be related to differences in lactate 
concentrations of patients in two different studies. Powers and Dean 
described a case in which the result of a hospital alcohol dehydrogenase- 
based ethanol determination was challenged in court on the basis of 
potential LDH and lactate interference. Hepatic trauma was suggested as 
the cause of elevated LDH and lactate based on elevated serum liver 
enzyme levels. The authors evaluated the clinical laboratory test results— 
including alanine aminotransferase (ALT; 144 U/L), aspartate aminotrans- 
ferase (AST; 229 U/L), sodium, potassium, chloride, and carbon dioxide 
levels—and observed an anion gap of 8mEq/L (normal range, 
8—15 mEq/L). Elevated serum lactate contributes to anion gap causing ele- 
vated levels. Therefore, serum lactate was not significantly elevated in this 
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case due to the normal anion gap observed in this individual. Based on 
slightly elevated ALT and AST values, the authors concluded that the LDH 
concentration could not be elevated more than a maximum of 2000 U/L. 
Therefore, the contribution of lactate oxidation to a falsely elevated etha- 
nol level should be negligible, and the observed serum ethanol level of 
200 mg/dL could be in reality only 199 mg/dL [24]. 


Although elevated lactate and LDH are the major cause of interference in 
the enzymatic alcohol method, other interference has also been reported. 
Gharapetian et al. observed false positive ethanol levels in three patients 
with acetaminophen-induced hepatocellular necrosis. The authors used the 
ADVIA 1650 analyzer and the ethanol assay system manufactured by the 
same company (previously Bayer Diagnostics, now Siemens Diagnostics). 
However, when ethanol was measured by GC or the Dade Behring 
Dimension Flex alcohol cartridge, no ethanol was detected in these speci- 
mens. The false-positive ethanol results in three patients, using the ADVIA 


1650 analyzer, were 151.8, 151.8, 


and 156.5 mg/dL (33, 33, and 


34 mmol/L, respectively). The lactate levels were 22.5, 1.2, and 5.1 mmol/L, 
and LDH values were 8075, 4871, and 10,147 U/L, respectively. However, 
according to the manufacturer, the LDH value should be greater than 
100,000 U/L and the lactate value should be greater than the normal refer- 
ence range in order to observe a spurious ethanol level greater than 80 mg/ 
dL. The authors speculated that endogenous dehydrogenases and substrates 
other than LDH and lactate may be implicated in NADH production caus- 
ing false-positive test results in these three patients with the ADVIA 1650 
analyzer [25]. Nonspecific interference in enzymatic alcohol assay has also 


been reported. 


An 85-year-old woman presented in the emergency room 
with a history of unconscious collapse late on Christmas 
Day. Her Glasgow Come Scale score was 3, and she was 
intubated and transferred to the intensive care unit. Using 
the Olympus analyzer, her blood ethanol 
200 mg/dL at the emergency room and 1hr later had 
increased to 400 mg/dL, but it declined to 100 mg/dL after 
8 hr. The patient improved over 48 hr and was extubated fol- 
lowed by transfer to a ward. She went home on day 18. The 
family was deeply offended when told that ethanol was the 
cause of her collapse and insisted that the woman did not 


level was 
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consume any alcohol. Therefore, on day 11, three positive 
ethanol specimens were retrieved from the laboratory (all 
specimens were stored refrigerated) and sent to a different 
laboratory for testing using GC. No ethanol was detected in 
any specimen. Although lactate level was not measured, 
her serum LDH concentration was 294U/L (normal, 
110—230 U/L), which was slightly elevated and could not 
explain the false-positive test result using the enzymatic 
assay. The authors also ruled out propofol as the cause of 
interference. The specific cause of interference was not 
identified [26]. 
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3.3.2 Gas Chromatography in Blood Alcohol Determination 


The gold standard for determination of blood alcohol is GC or gas chroma- 
tography—mass spectrometry (GC—MS). Usually, headspace GC is used for 
the determination of alcohol in whole blood. However, direct injection of 
sample has also been described. Jain described a GC method in which blood 
can be injected directly into a column after addition of isobutanol as the 
internal standard. Ethanol (retention time, 3.5 min) eluted from the column 
before isobutanol (retention time, 7.25 min). Baseline separation was also 
observed for acetone, isopropyl alcohol toluene, and xylene [27]. Smith 
described determination of ethanol along with methanol, isopropanol, and 
acetone using capillary GC with direct sample injection. Smith used 
1-propanol (n-propanol) as the internal standard. Serum (200 pL) was mixed 
with the 200-uL internal standard solution (prepared in deionized water) 
along with 200 uL of 200 mmol/L of sodium tungstate and 200 pL of 
200 mmol/L cupric sulfate. After vortex mixing and centrifugation to sedi- 
ment the precipitate, 1 L of aqueous supernatant was directly injected into 
the gas chromatograph [28]. Baseline separation was obtained between etha- 
nol, other analytes, and the internal standard (Figure 3.1). Maleki et al. 
described analysis of methanol and ethanol in human whole blood, urine, 
and saliva samples based on headspace solid phase microextraction using sil- 
ver sulfide and polyvinyl chloride-coated silver wire. Unlike commercial 
fibers that are coated with fused silica, due to the metallic base of this fiber 
as described by the authors, this fiber is very durable and thermally stable up 
to 250°C [29]. 


Several authors have also used GC—MS for analysis of ethanol or ethanol 
along with other volatiles in biological specimens. Tiscione et al. described 
ethanol analysis by headspace GC with simultaneous flame ionization and 
MS detection [30]. Wasfi et al. developed static headspace capillary column 
GC-MS for analysis of ethanol along with acetone, methanol, acetalde- 
hyde, and acetic acid in blood. The authors used n-propanol as the internal 
standard and used m/z 31 for quantification of ethanol as well as the inter- 
nal standard. The qualifier ion for ethanol was m/z 46, whereas that for the 
internal standard was m/z 60. The limit of detection was between 0.02 and 
0.02 mg/dL, and linearity was between 5 and 200 mg/dL [31]. Cordell et al. 
described a static headspace GC—MS for quantitative analysis of acetalde- 
hyde, methanol, ethanol, and acetic acid in headspace microvolume of 
blood using n-propanol as the internal standard [32]. Xiao et al. described a 
GC-MS method for analysis of whole blood ethanol using n-propanol as 
the internal standard. The mass spectrometer was operated in selected ion 
monitoring mode (ionization source: electron ionization), monitoring m/z 
31 and 45 for ethanol and m/z 31 and 59 for the internal standard. 
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FIGURE 3.1 Gas chromatographic analysis of various alcohols. 

Peak 1, methanol; peak 2, ethanol (alcohol); peak 3, acetone; peak 4, isopropyl alcohol; peak 5, propyl 
alcohol (internal standard). Source: Norman B Smith [28]; Reproduced with permission from the 
American Association for Clinical Chemistry. 


The method showed linearity for whole blood ethanol concentrations 
between 4 and 126.3 mg/dL [33]. 


3.3.3 Stability of Alcohol in Blood During Storage 


Although volatile, alcohol is stable in whole blood or serum if stored prop- 
erly. Penetar et al. collected blood from five adult volunteers who consumed 
standard alcoholic drinks during a 15-min period and observed that ethanol 
at levels of 60—90 mg/dL in plasma or whole blood was not significantly 
altered by storage conditions (storage at room temperature vs. refrigerated 
storage) or choice of collection tube (tubes containing an anticoagulant vs. 
those containing an anticoagulant and a preservative) for a period of 10 days 
[34]. In another study, the authors did not observe any significant differences 
between whole blood alcohol levels determined initially and after 14 days 
of storage at 0—3° or 22—29°C, with or without preservative. All values 
were within +5% difference, the experimental error of the method [35]. 
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Sutlovic et al. assessed 79 postmortem blood samples for stability of alcohol 
after storage (range, 191—468 days) at 4°C, each sample being reanalyzed 
after storage and the concentration compared to the initial concentration. 
Approximately 90% of the results were within the 95% limit, and only 10% 
were outside the limit; these results indicate that when specimens are refriger- 
ated, alcohol is relatively stable in most specimens, even for a long period. 
However, some specimens showed higher variation (up to 10%), which is 
not acceptable as a precise forensic standard [36]. Shan et al. observed that if 
blood collection tubes were opened during storage, some loss of alcohol 
could occur [37]. 


3.3.4 Correlation between Blood and Breath Alcohol 


Breath alcohol results are subject to interference, and the forensic standard 
is analysis of blood alcohol using GC. Breath alcohol measurement 
assumes partition of alcohol between breath and blood, where the breath 
alcohol to blood alcohol ratio is 1:2100 in the postabsorptive phase 
(30—60 min after consumption); however, during alcohol absorption from 
the gut, this ratio is highly variable. Therefore, if the ratio of breath to 
blood alcohol in an individual is more than 1:2100, in the postabsorptive 
phase the blood alcohol level calculated from the breath alcohol value may 
be falsely lowered. In general, breath analyzers rely on a breath to blood 
alcohol ratio of 1:2100 and tend to underestimate true blood alcohol 
concentration due to the commonly accepted postabsorption ratio of 
1:2300 [38]. Simpson found that in 68% of cases, the breath analyzer 
underestimated blood alcohol content (BAC), in 16% the values were 
acceptably close to the actual BAC, and in 16% the breath analyzer overesti- 
mated the true BAC [39]. Jones and Anderson compared 130 specimens for 
blood and breath alcohol results and observed that in 18 specimens, breath 
alcohol results were essentially zero, whereas actual blood alcohol was 
between 0.04 and 0.15 mg/g (4—15 mg/dL). The average breath to blood 
alcohol ratio was 1:2448. No significant gender difference was found. The 
authors concluded that breath test results obtained by the Intoxilyzer 
5000S were generally lower than the coexisting concentration of ethanol in 
venous blood (mean bias, 6.8 mg/dL), which gives an advantage to suspects 
who provide breath samples compared to blood samples in cases where 
BAC readings are close to the threshold alcohol limit [40]. Based on a road- 
side study involving 1875 tests, Kriikku et al. observed that the mean 
venous blood alcohol level in traffic offenders was higher (1.82 g/kg; 
approximately 182 mg/dL) than predicted from breath alcohol tests (mean, 
1.72 g/kg; approximately 172 mg/dL). In general, blood alcohol levels 
calculated from breath alcohol values were approximately 15% lower 
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than corresponding blood alcohol values determined using blood 
specimens [41]. 


3.4 ENDOGENOUS PRODUCTION OF ALCOHOL 


Endogenous production of alcohol (auto-brewery syndrome) is a common 
defense strategy adopted by some individuals charged with driving under the 
influence of alcohol. A small amount of alcohol is produced endogenously, 
but it should not alter blood alcohol level. Jones et al. reported that endoge- 
nous alcohol levels varied from none detected to up to 1.6 pg/mL 
(0.16 mg/dL), which is negligible [42]. Madrid et al. studied eight patients with 
liver cirrhosis and observed that during fasting, none of the patients showed 
any endogenous ethanol levels, but after a meal, two patients showed serum 
alcohol levels of 11.3 and 8.2 mg/dL, respectively, and another four patients 
showed negligible values [43]. In general, healthy individuals as well as patients 
with metabolic disease such as diabetes, hepatitis, or cirrhosis showed blood 
alcohol levels ranging from 0 to 0.08 mg/dL due to endogenous production of 
alcohol, which is negligible. However, there was an isolated report of a 
Japanese individual with an endogenous ethanol level exceeding 80 mg/dL 
who suffered from a very serious yeast infection, and endogenous ethanol was 
produced after he consumed a carbohydrate-rich meal [44]. 


In general, postmortem production of alcohol due to fermentation of sugar 
by bacteria is well documented. Toxicological analysis of a specimen from a 
14-year-old adolescent revealed high amounts of alcohol both in blood 
and in tissue, but ethyl glucuronide, a metabolite of alcohol, was not 
detected in the liver tissue. The authors concluded that postmortem alcohol 
in this patient was due to the action of the bacterial strain Lactococcus 
garvieae in blood of the deceased, which is capable of producing alcohol 
from glucose [45]. The dermal absorption of alcohol is not an issue for 
adults and cannot account for a significant blood alcohol level in a person 
attempting to use such defense. However, keratinized stratum, which gives 
adult skin a barrier, begins to develop in the seventh month of fetal life, 
and poorly keratinized skin of a preterm infant may be a poor barrier for 
ethanol. Harpin and Rutter described a case of a premature infant born at 
27 weeks of gestation who developed severe hemorrhagic skin necrosis on 
the back and buttocks after umbilical arterial catheterization, showing a 
blood ethanol level of 259 mg/dL and a blood methanol level of 26 mg/dL. 
Before catheterization, the infant’s skin was cleaned with methylated spirit, 
which caused elevated blood ethanol and methanol due to percutaneous 
absorption [46]. 


A 3-year-old female with short bowel syndrome showed 
signs of alcohol intoxication, such as walking erratically 
and bizarre behavior, on repeated occasions. The girl 
was receiving Lactobacillus-containing carbohydrate-rich 
fruit drink two to four times per day. A breath analyzer 
showed an alcohol level that was equivalent 
to 22 mmol/L (101.2 mg/dL) of alcohol in blood. The 
carbohydrate-rich 
1 week, but when it was reinstated, signs of alcohol 
intoxication reappeared with a blood ethanol concentra- 
tion of 15mmol/L [69 mg/dL). Cultures of gastric fluid 


fruit drink was discontinued for 
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showed growth of Candida kefyr. The fruit drink was dis- 
continued, and the girl was treated with fluconazole. 
Following treatment, her symptoms quickly resolved 
within 1 week. One month later, her symptoms reap- 
peared, and breath analysis showed a high amount of 
ethanol. Culture of her gastric fluid was positive for 
Saccharomyces cerevisiae, and she was again treated with 
fluconazole and her symptoms disappeared immediately. 
After this episode, a diet with lower carbohydrate content 
was chosen and no symptoms of alcohol intoxication 
were observed during 2 years of follow-up [47]. 


3.5 URINE ALCOHOL DETERMINATION 


Urine ethanol determination is less common than the breath alcohol test 
or blood alcohol test. Usually, alcohol may not be included in pre- 
employment drug testing protocol. However, following high-profile trans- 
portation incident, including the 1989 Exxon Valdez oil spill in Alaska, 
the 1990 conviction of three Northwest Airlines pilots, and the 1991 New 
York subway crash in which alcohol was involved, the U.S. Congress 
enacted the Omnibus Transportation Employee Testing Act, which man- 
dated alcohol testing. Breath or saliva alcohol tests are conducted more 
commonly in such drug and alcohol testing programs [48]. In some work- 
place drug testing, the urine alcohol test may be conducted to monitor 
abstinence of a person from alcohol. The urine alcohol test may also be 
used by social service agencies, the criminal justice system, or alcohol 
rehabilitation programs. Fraser reported that only 1.6% of specimens col- 
lected by a social service agency in Nova Scotia, Canada, from parents 
with a history of drug abuse, showed positive alcohol results. In contrast, 
cannabinoid was present in 11% of specimens, benzodiazepines in 
14.5%, cocaine metabolite in 5%, and codeine/morphine in 71.1% [49]. 
In general, enzymatic assays used for blood alcohol determination can be 
used with or without modification for determination of urine alcohol. 
However, as with blood alcohol, urine alcohol, especially in legal situa- 
tions, should be determined by GC. 


After absorption from the stomach and intestine, alcohol enters the blood- 
stream and is distributed in all body organs depending on water content. 
Most of the alcohol is metabolized, and up to 2% of alcohol is excreted 
unchanged in urine. During early absorption of alcohol, the urine to blood 


3.5 Urine Alcohol Determination eo 


alcohol ratio is less than unity, whereas in the late absorption/distribution 
phase of alcohol, the ratio is usually 1.0—1.2 and on reaching the postab- 
sorptive phase the ratio averages 1.2—1.4, indicating that in the postabsorp- 
tive phase urine concentration is higher than blood concentration. After 
consuming a moderate amount of alcohol, approximately 2% of the dose 
could be recovered in the urine after 7 hr. Urine should be collected with 
sodium fluoride as a preservative to prevent in vitro formation of alcohol due 
to the presence of glucose and yeast such as Candida albicans. In general, the 
ratio of urine to blood alcohol in drunk drivers does not depend on creati- 
nine content of the urine and therefore the relative dilution of the urine spe- 
cimens. The change in urine alcohol levels in two successive voids can help 
to resolve whether a large amount of alcohol has been consumed recently 
[50]. However, it is possible that urine is stored in the bladder for a variable 
period of time, during which the blood alcohol level changes, thus compli- 
cating the interpretation of urine alcohol level. In general, during the absorp- 
tive phase, the urine to blood alcohol ratio tends to be lower, but it increases 
during the postabsorptive phase; if alcohol-free urine is present in the blad- 
der before drinking is initiated, the urine to blood ratio of alcohol may be 
abnormally low. If two consecutive urine voids can be collected 60 min 
apart, blood and urine alcohol may correlate better, and this can be applied 
to alcohol-impaired drivers who claim drinking alcohol after driving, which 
is known as the “hip-flask” defense in the United Kingdom. 


As mentioned previously, for determination of urine alcohol, preservative 
should be used to prevent in vitro formation of alcohol post collection. 
Uncontrolled diabetes mellitus may cause glycosuria. If yeast infection is 
present, in vitro production of alcohol may result after collection due to the 
presence of C. albicans in the specimen, which can produce alcohol from glu- 
cose after collection of the urine specimen. Storing urine at 4°C and using 
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In a 61-year-old male suspected of driving under the influ- negative). The creatinine level was 370 mg/dL, indicating 
ence of alcohol, two blood samples were collected at 4 and that urine was concentrated. The time of driving according 
5:06 pm, and one urine specimen was collected at 3:45 pm. to the police report was 3 pm; the driver had purchased a 
The two blood specimens showed positive blood alcohol, bottle of vodka and claimed that he consumed 80—100 mL 
with a value of 75 mg/dL at 4 pm and 58 mg/dL at 5:06 pm, immediately after driving. Positive blood alcohol but negative 
indicating a decrease of blood alcohol at a rate of 16 mg/dL urine alcohol indicated that his bladder contained a pool of 
per hour, which was reasonable for a person on the postab- alcohol-free urine prior to consuming alcohol, and alcohol 
sorptive part of the alcohol curve. However, the urine speci- in freshly produced ureter urine was diluted because the 
men collected at 3:45 pm was negative (urine alcohol was urine specimen was collected only 45 min after the pre- 
4mg/dL, but concentrations <10 mg/dL are considered sumed consumption of alcohol [51]. 
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1% sodium fluoride or potassium fluoride as a preservative can minimize 
this problem. Alternatively, alcohol biomarkers such as ethyl glucuronide 
may be tested in urine. Positive urine alcohol and negative ethyl glucuronide 
in urine indicates in vitro production of alcohol after collection. Helander 
et al. reported cases within a maritime alcohol drug testing program in which 
one subject showed high urine alcohol (108 mg/dL) but the specimen con- 
tained low levels of ethyl glucuronide and ethyl sulfate, indicating the possi- 
bility of post collection production of alcohol. Candida albicans was present 
in the specimen. In four other subjects, urine ethanol was positive, but both 
ethyl glucuronide and ethyl sulfate were negative again, indicating post col- 
lection formation of ethanol [52]. See Chapter 8 for more detail. 


3.6 SALIVA ALCOHOL DETERMINATION 


Urine, sweat, and saliva are body fluids derived from plasma and contain 
ethanol, which may be correlated with serum ethanol level. Saliva (oral 
fluid) can be collected noninvasively and can be used for the determination 
of ethanol concentration, although the breath alcohol test is more commonly 
used compared to saliva ethanol testing. Nevertheless, saliva ethanol may be 
used to monitor abstinence, although monitoring ethyl glucuronide is super- 
ior to direct alcohol measurement to show abstinence due to the longer win- 
dow of detection of ethyl glucuronide compared to saliva alcohol. In general, 
ethanol level in saliva correlates with blood ethanol level, although the con- 
centration of ethanol in saliva is higher than that in venous blood during 
absorption of alcohol from the gut and slightly lower than that in blood dur- 
ing the elimination phase of alcohol [53]. Onsite alcohol testing devices 
such as the quantitative ethanol detector (QRD) saliva alcohol test can be 
used to measure salivary ethanol level. The test is based on enzymatic oxida- 
tion of alcohol by alcohol dehydrogenase. Saliva is collected using a cotton 
swab, which can be inserted into the analyzer. Each test may be read by a 
color bar, and the test has a built-in quality control check that indicates if 
the test is performed properly. The test can measure saliva ethanol level up 
to 150 mg/dL. Jones commented that whereas acetone, 2-butanone, and eth- 
ylene glycol had no effect on alcohol determination using the QED device, 
propanol at 100 mg/dL produced an apparent ethanol level of 60 mg/dL and 
isopropyl alcohol at the same concentration produced an apparent value of 
20 mg/dL. However, ethanol levels determined by the QED device correlated 
well with blood and breath alcohol levels, indicating that this device could 
be used for quick analysis of ethanol in saliva [54]. In contrast, Bendtsen 
et al. did not observe a good correlation between QED salivary ethanol and 
breath or blood ethanol levels [55]. The Alco-Screen saliva dipstick is an 
inexpensive, easy-to-use colorimetric test that provides a semiquantitative 
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estimation of alcohol. Schwartz et al. compared salivary alcohol levels with 
blood alcohol levels in 53 patients suspected of ingesting alcohol. The 
authors concluded that although correlation was good with a blood alcohol 
level of approximately 100 mg/dL, for lower alcohol levels between 20 and 
50 mg/dL, the performance of the Alco-Screen test was unsatisfactory. The 
authors concluded that Alco-Screen can be used as a screening test, but defin- 
itive diagnosis of alcohol intoxication requires confirmatory blood or breath 
alcohol analysis [56]. 


3.7 TRANSDERMAL ALCOHOL SENSORS 


Some individuals with alcohol problems are viewed as posing a risk to the 
general public; as such, a court may order them to completely abstain from 
alcohol. Sometimes this sentence is enforced by alcohol ignition interlock 
devices that effectively prevent driving a car after consuming alcohol. 
Ignition interlock devices, also known as breath alcohol ignition devices, 
function like a breath analyzer and use ethanol-specific fuel cell technology. 
Periodic calibration is performed, and usually the offender pays for installa- 
tion, calibration, and maintenance of the device. Most U.S. states allow 
judges to order the installation of the device as a condition of probation for 
repeat offenders, but it may also be required for first-time offenders in some 
states. Currently, in all states, installation of ignition interlock devices may 
be considered as an alternative to jail time by judges. The time an offender 
must use ignition interlock devices varies from state to state. However, igni- 
tion interlock devices can monitor alcohol use by an individual prior to driv- 
ing only. Depending on the offense, the court may order the confinement of 
a problem drinker to his or her home using electronic proximity monitoring 
coupled with regular breath tests. In addition, alcohol biomarkers may be 
tested, but all such approaches require periodic specimen collection. An alter- 
native to these approaches is direct transdermal monitoring of alcohol, which 
is used in the criminal justice system to ensure abstinence from alcohol by 
offenders. 


Approximately 1% of ingested alcohol is excreted through the skin, mostly 
through “insensible perspiration,” which is vapor that escapes through the 
skin when a person sweats but cannot be detected by the olfactory system. 
Early research focused on detecting transdermally excreted alcohol using a 
sweat patch. The patch was applied to the user's skin for a period of several 
days, and it absorbed liquid sweat excreted through the skin. The patch was 
then removed, followed by determination of alcohol content in the labora- 
tory using a suitable method, such as GC. Later researchers demonstrated 
good correlation between ethanol concentrations in vapor above the skin 
and breath as well as blood alcohol. Therefore, transdermal alcohol could be 


o CHAPTER 3: Measurement of Alcohol Levels in Body Fluids 


measured by putting a portable electrochemical sensor directly above the 
skin, and the value was used to estimate blood alcohol level. Later, the 
SCRAM (Secure Continuous Remote Alcohol Monitor) bracelet was marketed 
as an ankle-worn device by Alcohol Monitoring Systems (Littleton, CO) for 
transdermal monitoring of alcohol. The Wrist Transdermal Alcohol Sensor 
(WrisTAS) was developed by Giner (Newton, MA) [57]. The Transdermal 
Alcohol Detection device (TAD), which is also an ankle-worn device, is com- 
mercially available for transdermal alcohol monitoring from BI Incorporated 
(Boulder, CO). However, there is a lag time between observation of peak 
blood alcohol and peak transdermal alcohol. In one study, the authors 
observed a lag time of 33 min between peak blood and transdermal alcohol 
after subjects consumed a dose of 15 mL of alcohol (alcohol was diluted in 
150 mL of fluid). Moreover, after consuming 60 mL of alcohol (diluted with 
fluid), the lag time was increased to 53 min [58]. 


SCRAM was the first device available commercially for transdermal alcohol 
monitoring; the updated model SCRAM2 is now used. This device is locked 
to the ankle and should be worn continuously (it weighs ~8 oz). The 
SCRAM device is capable of measuring alcohol in insensible perspiration 
using a fuel cell technology which is a technique similar to that widely used 
in breath analyzers. The device measures alcohol concentration every 60 min 
unless a measurable alcohol level is detected, in which case it takes samples 
every 30 min until the readings decline below 0.02% (20 mg/dL). The device 
also records the temperature and skin reflectance using infrared light to pro- 
vide data that detect attempts to remove or tamper with the device. The 
device automatically transmits information stored in the ankle bracelet via a 
modem to a secure web server through a telephone line. The instrument is 
programmed to transmit data once per day when the offender is likely to be 
at home, such as during the middle of the night, so that he or she is close to 
a modem. When data are transmitted to a secure website, a designated per- 
son such as a parole officer can review the data for appropriate action to 
take. Barnett et al. studied the performance of the SCRAM device using 66 
heavy drinking adults who wore the device between 1 and 28 days and 
reported their alcohol consumption daily by web-based survey. On days 
when bracelets were functional, 502 of 690 drinking episodes (72.8%) were 
detected by remote sensing data, and no gender difference was observed. 
However, for consumption of fewer than five drinks, women’s drinking epi- 
sodes were more likely to be detected than men’s drinking episodes due to 
higher transdermal alcohol level in women, but for five or more drinks, no 
gender difference was observed. In multivariant analysis, no variable other 
than the number of drinks significantly predicted alcohol detection [59]. 
Sakai et al. reported that the SCRAM device consistently detected consump- 
tion of approximately two standard drinks, but individual readings did not 


always correlate with breath alcohol levels, and the device showed discrimi- 
native validity for semiquantitative consumption of alcohol in subjects [60]. 


Marques and McKnight evaluated the performance of two types of transdermal 
devices—SCRAM and WrisTAS—using 22 paid research subjects. WrisTAS is 
worn using a Velcro strap and is approximately the size of a wristwatch. 
SCRAM should be worn during showers but should not be immersed in water. 
In contrast, WrisTAS should be removed during showers and does not have a 
lock like SCRAM. WrisTAS uses a different technology (hydrated proton 
exchange membrane) for detecting transdermal alcohol. In their study, the 
authors observed that although SCRAM correctly detected 57% of drinking 
episodes, the true positive detection rate by WrisTAS was 24%. When subjects 
consumed a sufficient amount of alcohol to reach a blood alcohol level of 
80 mg/dL or more, SCRAM correctly detected 88% of those events [61]. The 
WrisTAS is not currently commercially available, but the technology is used in 
the commercially available TAD ankle bracelet. The transdermal alcohol sen- 
sor transmits data allowing continuous monitoring of in vivo alcohol use with- 
out intrusive daily contact from a human monitor. It is recommended that 
transdermal alcohol sensor devices be used to monitor sobriety of individuals 
and positive/negative semiquantitative values should be used for interpreta- 
tion of results. Currently, transdermal devices do have some limitations, and 
more research is needed for further improvement of such devices [62]. 


3.8 CONCLUSIONS 


If consumed in moderation, alcohol has many health benefits, but alcohol 
abuse is detrimental to health. Drivers under the influence of alcohol are 
responsible for a majority of fatalities from accidents. In addition, alcohol 
poisoning may require immediate medical care. Although breath analyzers 
are widely used by law enforcement officers to identify people driving under 
the influence of alcohol, the results of breath analyzers may be affected by 
interference. Blood alcohol determination in a toxicology laboratory using 
GC provides more accurate results compared to blood alcohol level calcu- 
lated from breath alcohol level. In addition, GC is superior to the enzymatic 
method of serum alcohol determination. Transdermal alcohol sensors are 
used in the criminal justice system to monitor the sobriety of individuals. 
However, at best, these devices produce acceptable semiquantitative results 
for interpretation. 
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CHAPTER 4 


Alcohol Biomarkers 
An Overview 


4.1 INTRODUCTION 


The term biomarkers is frequently used to describe any statistically significant 
biochemical or molecular change between two populations. For alcohol bio- 
markers, one population comprises individuals who are either teetotalers or 
social drinkers and another population consists of individuals who consume 
alcohol in excess, including alcohol-dependent individuals. The biomarkers 
definition working group of the National Institutes of Health (NIH) defined 
biomarker as “a characteristic that is objectively measured and evaluated as 
an indicator of normal biological process, pathogenic processes, or pharma- 
cological response to a therapeutic intervention.” The difference between this 
definition and the broad definition of biomarker is that in the broad defini- 
tion, a significant difference in mean between two populations is sufficient 
to qualify a molecule as a biomarker, whereas in the NIH definition, a bio- 
marker should also provide information regarding individual subjects. With 
regard to alcohol biomarkers, a particular biomarker should be an accurate 
indicator of alcohol consumption by an individual. Similarly, a biomarker 
may be an indicator of the pathogenic process in alcohol-induced organ or 
tissue damage and dysfunction. There is no universal biomarker for all 
aspects of alcohol consumption. Instead, a biomarker may apply to particular 
aspects of consuming alcohol, such as heavy drinking versus social drinking, 
or a biomarker may differentiate between individuals who are teetotalers and 
those who are social drinkers [1]. 


Alcohol abuse is a serious public health issue not only in the United States 
but also worldwide. Two billion people worldwide consume alcohol, and 
there are 76.3 million with diagnosable alcohol use disorders. It is estimated 
that 3.8% of all global deaths and 4.6% of the global burden of disease and 
injury can be attributed to alcohol [2]. The World Health Organization’s 
(WHO) “Global Status Report on Alcohol and Health 2014” estimated that 
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3.3 million deaths in 2012 worldwide were attributable to alcohol abuse. 
WHO estimates that there are 140 million alcoholics worldwide. It is also 
estimated that 18 million people in the United States are alcoholics or alco- 
hol dependent. There are more male alcohol-dependent individuals than 
female. It is estimated that alcohol dependence and alcohol abuse result in 
an estimated cost of $220 billion annually [3]. Therefore, alcohol biomarkers 
play an important role in public health. 


4.2 STATE VERSUS TRAIT ALCOHOL BIOMARKERS 


A biomarker may be a state or a trait biomarker. When a biomarker generally 
refers to a condition such as alcohol consumption, it is termed a state bio- 
marker because it may describe a pathological state such as alcohol-induced 
organ damage. When clinicians evaluate history of alcohol consumption by 
patients, they want to know not only about recent drinking patterns (acute 
alcohol consumption) but also about patients’ drinking history, such as 
whether they are social drinkers versus heavy consumers of alcohol. Various 
state alcohol biomarkers can be used for evaluating patients in order to 
answer these questions along with self-described patterns of drinking by 
patients. Trait markers help physicians to identify whether patients have a 
genetic predisposition to alcohol abuse and alcoholism. Knowing which 
individuals are at risk of developing alcoholism can help to prevent alcohol 
problems altogether or enable these people to seek early treatment for 
alcohol-related problems [4]. 


A state alcohol biomarker may be an indirect biomarker of alcohol consump- 
tion or a direct biomarker. Blood and urine alcohol levels are a direct indica- 
tion of alcohol consumption, and blood alcohol level is used to determine if 
a person is driving while intoxicated. In the United States, a whole blood 
alcohol level of 0.08% (80 mg/dL) is considered the legal limit for driving 
(see Chapter 1). Acetaldehyde, a metabolite of alcohol, reacts readily with 
various proteins, and hemoglobin—acetaldehyde adduct is a direct state 
alcohol biomarker. Ethyl glucuronide, a minor metabolite of alcohol, is also 
a direct alcohol biomarker. On the other hand, liver enzymes such as 
~-glutamyl transferase (GGT), alanine aminotransferase (ALT), and aspartate 
aminotransferase (AST), which are elevated after heavy alcohol consumption 
because alcohol has toxic effects on the liver, are indirect alcohol biomarkers. 
Mean corpuscular volume (MCV), carbohydrate-deficient transferrin (CDT), 
and serum and urine hexosaminidase are also indirect state alcohol biomar- 
kers. Neurotransmitters such as y-aminobutyric acid and B-endorphin are 
examples of trait alcohol biomarkers. State and trait alcohol biomarkers are 
listed in Table 4.1, and short-term and long-term state alcohol biomarkers 
are listed in Box 4.1. Direct determination of alcohol in serum, breath, urine, 
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Table 4.1 Various State and Trait Alcohol Biomarkers 
Type of Alcohol Biomarker Examples 


State alcohol biomarkers Indirect Biomarkers 
m Liver enzymes (GGT mostly commonly used, but ALT and AST 
may also be used) 
Mean corpuscular volume (MCV) 
Carbohydrate-deficient transferrin 
Serum or urine B-hexosaminidase 
Total serum or plasma sialic acid 
Sialic acid index of apolipoprotein J 
5-Hydroxytryptophol 


Direct Biomarkers 

m Ethyl glucuronide 

Ethyl sulfate 

Fatty acid ethyl esters 
Phosphatidylethano! 
Acetaldehyde—hemoglobin adduct 


Trait alcohol biomarkers 


Polymorphisms of genes encoding following enzymes/receptors 
Alcohol dehydrogenase and aldehyde dehydrogenase enzymes 
(major effect) 

Dopamine receptors and transporters 

Monoamine oxidase 

Catechol-O-methyltransferase (COMT) 

4-Aminobutyric acid (GABA) receptor 

Serotonin receptor 

Cannabinoid receptor 

Acetyl choline receptor 

Glutamate receptor 

Adenylyl cyclase 

Neuropeptide Y receptor 


BOX 4.1 SHORT-TERM AND LONG-TERM STATE ALCOHOL 
BIOMARKERS 


Short-Term Markers of Alcohol Use Long-Term Markers of Alcohol Use (One to 
(Hours to Days) Several Weeks) 

Serum/plasma/blood/saliva ethanol N-acetyl-8-hexosaminidase 

(see Chapter 2) Mean corpuscular volume (MCV) 

Fatty acid esters (24 hr in serum but up to months -Glutamyl transferase (GGT) 
Carbohydrate-deficient transferrin (CDT) 
Combination of CDT and GGT 
Acetaldehyde—protein adducts 
Total sialic acid in serum/plasma 
Phosphatidylethanol 
Plasma sialic acid index of apolipoprotein J 


in hair) 

5-Hydroxytryptophol 

Ethyl glucuronide (2 or 3 days in urine but 
longer in hair) 

Ethyl sulfate (1 or 2 days in urine but longer 
in hair) 
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or saliva can also be considered a direct short-term alcohol biomarker. 
Determination of alcohol in blood, urine, saliva, and breath is discussed in 
detail in Chapter 3, and alcohol metabolism is discussed in Chapter 2. 


This chapter provides an overview of state alcohol biomarkers that are used 
routinely in clinical practice. Some trait markers hold promise for clinical use 
in the near future, and trait markers are discussed in Chapter 10. Various 
state markers are discussed in detail in Chapters 5—9. In Chapter 5, the 
application of various liver enzymes as alcohol biomarkers is discussed with 
an emphasis on Ņ-glutamyl transferase. Chapter 6 discusses the application 
of MCV and CDT as alcohol biomarkers. In Chapter 7, the application of 
B-hexosaminidase, acetaldehyde—protein adducts, and dolichol as alcohol 
biomarkers is addressed. Direct alcohol biomarkers such as ethyl glucuro- 
nide, ethyl sulfate, fatty acid ethyl esters, and phosphatidylethanol are dis- 
cussed in Chapter 8. In Chapter 9, various other alcohol biomarkers are 
discussed, including total serum or plasma sialic acid, sialic acid index of 
plasma apolipoprotein J, 5-hydroxytryptophol, plasma cholesterol transfer 
protein, homocysteine, and circulating cytokines. Characteristics of various 
state alcohol biomarkers are summarized in Table 4.2. 


4.3 LIVER ENZYMES AS ALCOHOL BIOMARKERS 


Liver enzymes are one of the first described alcohol biomarkers. Breakdown 
of hepatocytes results in the release of aminotransferases (also referred to as 
transaminases) such as ALT and AST into the blood. ALT is a cytosolic 
enzyme and more specific for liver disease. AST is primarily a mitochondrial 
enzyme that is also found in heart, muscle, kidney, and brain. ALT has a lon- 
ger half-life than that of AST. In acute liver injury, AST levels are higher than 
ALT levels; however, after 24—48 hr, ALT levels may be higher than those of 
AST. ALT is considered a more specific marker for liver injury. Because alco- 
hol has toxic effects on the liver, liver enzymes are elevated in individuals 
who consume excessive amounts of alcohol. GGT is a membrane-bound gly- 
coprotein located on the cell surface membrane of most cell types, including 
hepatocytes. Although GGT is present in many tissues, only liver GGT is 
detectable in serum. Of all liver enzymes, GGT is the most often used 
enzyme in clinical settings as an alcohol biomarker [5]. 


Increased activity of GGT in serum may be due to increased synthesis as 
a result of enzyme induction by alcohol or release from hepatocytes due 
to damage caused by excessive alcohol use. However, elevation of GGT in 
response to alcohol consumption varies widely among individuals, and 
levels correlate only moderately with the amount of alcohol consumed. 


Table 4.2 Characteristics of Various State Alcohol Biomarkers 


Alcohol Biomarker 


GGT 
MCV 
%CDT 


Serum 
3-hexosaminidase 


Ethyl glucuronide 
Ethyl glucuronide 


Ethyl sulfate 
Fatty acid ethyl esters 


Phosphatidylethanol 
5-HTOL/5-HIAA 


Total plasma sialic acid 


Sialic acid index of 
apolipoprotein J 


Specimen 


Blood 
Blood 
Blood 


Blood 


Urine 
Hair 


Urine 
Hair 


Blood 
Urine 


Blood 


Blood 


Detection Window 


3—4 weeks 
3—4 months 
2—3 weeks 


7—10 days 


2—3 days 
Several months 


1—2 days 

Only 24 hr in serum but 
several months in hair, 
which is more frequently 
used 


2—3 weeks 
5-15 hr 


3 weeks 


6—8 weeks 


Indicated Use 


Chronic heavy drinking 
Chronic heavy drinking 
Moderate to heavy 
drinking 

Chronic heavy drinking 


Moderate drinking 
Moderate to heavy 
drinking 

Moderate drinking 
Showing abstinence or 
differentiating heavy 
drinking from social 
drinking depending on 
cutoff 

Heavy drinking 

Acute consumption of 
50 g or more of alcohol 
Differentiating heavy 
drinking from social 
drinking 


Heavy drinking 


Sensitivity 
(%) 

64 
48 
84 





94 


76 
96 


82 
90 


TU 


57.7 in 
females 
47.8 in 
males 

90—92 


Specificity 
(%) 

72 

52 

92 


91 


93 
99 


86 


100 
100 


95.5 in 
females 
81.3 in 
males 
100 


Cutoff Value 


30 U/L 
100 fL 
2.4% 


35%° 


100 ng/mL 
30 pg/mg 


25 ng/mL 
0.29 ng/mg 


0.36 pmol/L 
15 pmol/nmol 


77.8 mg/dL in 
females 

80 mg/dL in 
males 

Not firmly 
established 


235% cutoff value represents 3-Hex-B% (Hex-B represents heat-stable 8B-hexosaminidase activity; therefore, Hex-B% is the ratio of heat-stable 8B-hexosaminidase 
to total 3-hexosaminidase activity multiplied by 100). 
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In general, sustained alcohol consumption is needed for elevation in GGT 
levels, but if a person has a history of alcohol abuse, GGT may be elevated 
if drinking resumes. Consumption of 60g or more of alcohol for 3—6 
weeks is generally necessary to observe significant increases in serum GGT 
levels. Regular consumption is more likely to increase GGT levels rather 
than episodic drinking. The sensitivity and specificity of GGT vary widely 
among different populations and also depending on cutoff level. Arndt 
et al. reported a sensitivity of 64% and specificity of 72% at a 30 U/L cut- 
off [6]. However, other authors have reported relatively poor sensitivity of 
GGT because only 30—50% of patients who are excessive drinkers can be 
identified by elevated GGT in the general community or family practice 
setting. In this setting, specificity may vary from 40 to 90%. However, in 
residential alcohol rehabilitation programs, sensitivity may be higher 
(50—90%) with reasonable specificity (65-90%). A wide range of values 
(35—80 U/L) has been proposed as a cutoff for GGT. Therefore, it is 
difficult to compare sensitivity and specificity described in different reports 
because the reference range of GGT may be different |7]. Gender-specific 
cutoff (33 U/L for females and 56 U/L for males) had also been proposed. 
Although average GGT levels are significantly higher in current and former 
drinkers compared to lifetime abstainers, one study observed that in men, 
daily drinking showed the highest levels of GGT, whereas in women the 
highest levels of GGT were observed in weekend drinkers. Women who con- 
sumed alcohol without food exhibited higher GGT levels compared to 
women who consumed alcohol with food. However, no such relationship 
was observed in males [8]. 


There are many limitations to using GGT as an alcohol biomarker. Serum 
GGT levels are not usually elevated in adolescents and young adults after 
heavy drinking. GGT levels are likely to be elevated in individuals who are 
aged at least 30 years or older and who consume alcohol on a regular basis. 
Obesity and hepatitis C infection may increase serum GGT levels [7]. 
Cigarette smoking and diabetes may also cause elevated serum GGT levels 
(see Chapter 5). False-positive results may be encountered in patients receiv- 
ing therapy with barbiturates, phenytoin, phenazone, dextropropoxyphene, 
monoamine oxidase inhibitors, tricyclic antidepressants, warfarin, thiazide 
diuretics, or anabolic steroids. In addition, damage to the liver due to viral 
infection such as hepatitis or ischemic damage to the liver may also signifi- 
cantly increase serum GGT levels [9]. Danielsson et al. reported that in men, 
elevation of serum GGT level induced by heavy drinking (>280 g/week) was 
significantly reduced by coffee consumption exceeding four cups per day. A 
similar trend was also observed in women [|10]. Limitations of GGT as an 
alcohol biomarker are summarized in Table 4.3. 


4.4 Mean Corpuscular Volume as Alcohol Biomarker 


Table 4.3 Limitations of GGT, MCV, %CDT, and B-Hexosaminidase as Alcohol Biomarkers 


Alcohol Biomarker Comments 


GGT m False-positive results may be encountered in patients receiving therapy with phenytoin, 
phenazone, dextropropoxyphene, monoamine oxidase inhibitors, tricyclic antidepressants, 
warfarin, and other drugs. See Chapter 5 for details. 

Obesity, cigarette smoking, and diabetes may increase serum GGT levels. 

Viral hepatitis, nonalcoholic liver diseases, and ischemic damage to liver may increase 

serum GGT levels. 

Coffee drinking (exceeding four cups per day) may lower serum GGT levels in individuals 

who consume a high amount of alcohol. 

MCV may be increased in various anemias, including megaloblastic anemia. 

Various drugs, such as antibiotics, anticancer agents, antibiotics, anticonvulsants, and 

antidiabetic and anti-inflammatory agents, may also increase MCV, causing false-positive 

results. 

Genetic variant in transferrin may cause false-positive %CDT test results. 

Liver diseases such as biliary cirrhosis and end-stage liver disease may elevate both %CDT 

and the absolute value of CDT. 

People with chronic illnesses, such as chronic pulmonary disease and rheumatoid arthritis, 

and pre-liver transplant patients, may show elevated %CDT as well as absolute value of 

CDT. 

Total CDT levels may be affected by factors that increase transferrin levels, such as iron 

deficiency, chronic illness, and menopausal status. 

False-negative results may be associated with female gender, episodic lower level alcohol 

use, and acute trauma with blood loss. 

Certain drug therapies may affect %CDT as well as absolute value of CDT. Anticonvulsants 

and ACE inhibitors may elevate both %CDT and CDT, whereas loop diuretics may lower 

%CDT and absolute value of CDT; further studies are needed to establish such effects. 
8-Hexosaminidase Hepatitis, liver metastasis, diabetes, rheumatoid arthritis, inflammatory bowel disease, 

rheumatoid arthritis, and myocardial and cerebral infarction may increase serum 

B-hexosaminidase levels. 

Use of oral contraceptives and pregnancy may also increase serum 3-hexosaminidase 

levels, causing false-positive results. 





4.4 MEAN CORPUSCULAR VOLUME AS ALCOHOL 
BIOMARKER 


MCV is a value routinely calculated by automated hematology analyzers dur- 
ing complete blood count analysis. Like GGT, MCV is a biomarker of exces- 
sive alcohol use. Increased MCV due to macrocytosis in the presence of 
excess alcohol may occur with normal folate levels, although in up to 30% 
of alcohol-dependent patients, some reduction of folate level may be 
observed due to dietary deficiency or impaired absorption due to excess use 
of alcohol. Because the life span of erythrocytes is 120 days, it may take sev- 
eral months before MCV returns to a normal level after abstinence. MCV has 
limited value as a single alcohol biomarker in screening because it has poor 
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sensitivity, usually less than 50%. Specificity also varies [7]. In general, sensi- 
tivity and specificity of MCV as an alcohol biomarker are lower than those of 
GGT [11]. Macrocytosis is usually defined as an MCV value greater than 
100 fL, and several authors have used 100 fL as the cutoff value of MCV to 
study the relationship between alcohol consumption and MCV. However, a 
lower cutoff, such as 96 fL, has also been suggested. A major cause of macro- 
cytosis is megaloblastic anemia due to vitamin B42 and/or folate deficiency. 
In general, MCV is less than 110 fL in chronic alcohol abusers [12]. However, 
in megaloblastic anemia, MCV can be higher than 110 fL, sometimes reach- 
ing 130 fL or greater. Limitations of MCV as an alcohol biomarker are listed 
in Table 4.3 (see Chapter 6 for more details). 


4.5 CARBOHYDRATE-DEFICIENT TRANSFERRIN 
AS ALCOHOL BIOMARKER 


Transferrin, a glycoprotein synthesized in the liver, functions as an iron 
transporter. Transferrin exists in various isoforms, which are named 
depending on the number of terminal sialic acid residues in the transferrin 
molecule. The major isoform contains four sialic acid residues and is called 
tetrasialotransferrin. This isoform represents 64—80% of total transferrin 
molecules in the serum [13]. In general, transferrin molecules that are defi- 
cient in sialic acid (containing zero to two sialic acid molecules) are minor 
isoforms present in sera of normal individuals. These minor isoforms 
include asialo (no sialic acid), monosialo (one sialic acid molecule), and 
disialotransferrin (two sialic acid molecules). CDT is the collective term for 
a group of minor isoforms of human transferrin with a low degree of gly- 
cosylation. After a period of chronic heavy alcohol consumption, CDT iso- 
forms usually increase in serum, making CDT a useful alcohol biomarker 
in screening for alcohol abuse and monitoring the progress of patients 
enrolled in alcohol and drug rehabilitation programs. The precise mecha- 
nism behind the increase in CDT in serum after chronic heavy alcohol use 
is not fully elucidated. Sialyltransferase present in liver plays an important 
role in the incorporation of sialic acid in the transferrin molecule. After 
chronic alcohol intake, liver membrane sialyltransferase activity decreases, 
which may be related to the incorporation of fewer sialic acid molecules in 
transferrin. In addition, the sialidase enzyme is responsible for removing 
sialic acid from transferrin. Plasma sialidase activity increases after heavy 
alcohol consumption [14]. 


In general, heavy alcohol consumption (50—80 g/day) for a period of 
at least 1 week leads to increased concentrations of CDT in serum; after 
abstinence, CDT returns to a normal level, with a half-life of 14 days. 
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In common practice, the ratio of CDT to total transferrin is calculated, and 
the value is presented as a percentage (Y%CDT). However, the absolute value 
of CDT may also be used as an alcohol biomarker. CDT was the first test to 
receive approval by the U.S. Food and Drug Administration as an alcohol 
biomarker; it has been in use in the U.S. health care system since 2001 [15]. 
Various cutoff values have been proposed for both CDT and %CDT. 
Whereas CDT is gender dependent (women show higher values than men) 
and has gender-specific cutoffs, %CDT is not gender dependent and one cut- 
off can be used for both males and females. Malcom et al. used a serum 
CDT cutoff of 17 U/L for males and 25 U/L for females to evaluate the use- 
fulness of CDT as an index of heavy alcohol use during postmortem exami- 
nation. They concluded that elevated CDT levels appeared to indicate 
antemortem alcohol abuse prior to death [16]. Sorvajarvi et al. defined the 
normal range of CDT as up to 20 U/L for men and up to 26 U/L for women 
[17]. Arndt et al. observed that at a cutoff of 2.4% for CDT sensitivity and 
specificity were 84 and 92%, respectively. Sensitivity and specificity of 
%CDT were superior to those of other alcohol biomarkers, such as GGT and 
MCV [6]. However, both sensitivity and specificity of %CDT may change 
with cutoff level. In a study that included 396 women and 403 men and 
that used the receiver operator curve characteristic to define the cutoff value 
to determine the best fit for subjects who consumed more than 90 drinks 
per month, Fleming and Mundt concluded that 2.5% represented the best 
cutoff value for %CDT. Median %CDT was 2.0 for abstainers, 2.1 for mod- 
erate drinkers, and 2.7 for heavy drinkers. The overall sensitivity and speci- 
ficity of the %CDT test were 61 and 85%, respectively [18]. Hock et al. 
proposed a significantly higher cutoff value of 3.0% for %CDT based on the 
95th percentile value of social drinkers [19]. 


There are issues of both false-positive and false-negative test results with 
%CDT as well as the absolute value of CDT when used as an alcohol bio- 
marker because levels may be influenced by other conditions not related to 
alcohol consumption. Genetic variant in transferrin may cause false-positive 
%CDT test results. Liver diseases, including end-stage liver disease, may 
elevate both %CDT and the absolute value of CDT. In addition, total CDT 
levels may be affected by factors that increase transferrin levels, such as iron 
deficiency, chronic illness, and menopausal status. False-negative results may 
be associated with female gender, episodic lower-level alcohol use, and acute 
trauma with blood loss. Certain drug therapies may affect %CDT as well as 
the absolute value of CDT. Anticonvulsants and angiotensin-converting 
enzyme (ACE) inhibitors may elevate both %CDT and CDT, whereas loop 
diuretics may lower %CDT and the absolute value of CDT; however, addi- 
tional studies are needed to establish such correlation [20]. See Chapter 6 for 
an in-depth discussion of CDT. 
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In 2007, a patient with a known history of alcohol abuse Two months later, he was admitted to the trauma service 
{who consumed 90—150 g of ethanol—approximately 7-11 with hip fracture, and his blood alcohol was 80 mg/dL 
drinks—per day] showed a %CDT value of 3.3% along 16hr after admission. In January 2011, he again showed 
with elevated levels of AST (137 U/L], ALT (120 U/L], GGT a normal %CDT value of 1.1% but had significantly elevated 
(434 U/L), and MCV (101 fL). In December 2007, after dou- GGT (555 U/L) and MCV (101 fL) with a concurrently high 
ble coronary artery bypass surgery, he was treated with urinary ethyl glucuronide concentration (>50 mg/L). He 
amlodipine, atorvastatin, isosorbide mononitrate, carvedilol, was admitted to an alcohol rehabilitation center, and in 
ticlopidine, and pantoprazole. After 6 months of reduced May 2011, he was transferred to a private medical center. 
alcohol consumption following surgery, he resumed alcohol This study indicates that drug therapy may hamper the 
abuse. However, despite witnessed alcohol abuse, in July identification of chronic alcohol abuse using CDT as an 
2009 the patient showed a normal %CDT value of 0.8%. alcohol biomarker [21]. 





4.5.1 Combined CDT—GGT as Alcohol Biomarker 


Combining GGT and CDT values to mathematically derive a new parameter 
may improve the sensitivity and specificity of this calculated parameter as an 
alcohol biomarker. The mathematical formula to derive this parameter is as 
follows: 


GGT- CDT = [0.8 X In(GGT)] + [1.3 X In(CDT)] 


In this case, both the GGT level and the CDT level are expressed as units per 
liter. Sillanaukee and Olsson proposed a cutoff value of 6.5 using the 95th 
percentile of the data from the control group for this combined marker. The 
authors further reported that sensitivity and specificity of the GGIT—CDT 
marker were 79 and 93%, respectively, which were superior to sensitivity of 
65% and specificity of 94% observed with CDT. The sensitivity and specific- 
ity of GGT were 59 and 91%, respectively. The authors concluded that com- 
bined GGT—CDT is more sensitive and specific than CDT alone as an 
alcohol biomarker [22]. A similar approach can be adopted to calculate the 
GGT—%CDT parameter: 


GGT—%CDT = [0.8 X In(GGT)] + [1.3 X In(%CDT)] 


However, the cutoff level should be different from that of the GGT—CDT 
parameter. Based on receiver operator curve analysis, Anttila et al. established 
a cutoff value of 4.0 for GGT—%CDT. The sensitivity and specificity of 
GGT—%CDT in alcoholics with liver disease were 94 and 100%, respectively. 
In alcoholics without liver disease, the respective sensitivity and specificity 
were 90 and 100% [23]. 


4.6 B-Hexosaminidase as Alcohol Biomarker an 


4.6 B-HEXOSAMINIDASE AS ALCOHOL BIOMARKER 


N-acetyl-8-hexosaminidase (3-hexosaminidase) is a complex group of glyco- 
protein lysosomal isoenzymes that releases N-acetylglucosamine and 
N-acetylgalactosamine from the nonreducing end of oligosaccharide chains 
of glycoproteins, glycolipids, and glycosaminoglycans. Two major isoen- 
zymes of 8-hexosaminidase have been characterized—isoenzyme A (one a 
and one 8 chain) and isoenzyme B (two 6 chains)—whereas isoenzyme S 
(two a chains) represents only approximately 0.02% of isoenzyme activity 
[24]. However, there are other isoforms of $-hexosaminidase present in 
serum that can be separated by isoelectrofocusing. Isoforms P (P isoform is 
elevated in pregnancy, hence the name) and I, and I, (intermediate heat- 
stable forms normally present in serum) all consist of two 8 subunits. Listed 
in order of decreasing isoelectric points, the isoenzymes of B-hexosaminidase 
can be arranged as B, I,, Iz, P, A, and S. Hexosaminidase C has been purified 
from human placenta, and this isoform is more active in patients deficient in 
B-hexosaminidase A and B activity. Hexosaminidase C has a distinct isoelec- 
tric point and is found predominantly in the brain [25]. 


Chronic alcohol consumption results in increased levels of 8-hexosaminidase 
in both serum and urine. It has been assumed that consuming more than 
60 g of alcohol (> 4.5 standard drinks) per day for 10 days or more results 
in an increased level of $-hexosaminidase in serum. Karkkainen et al. 
reported that the mean B-hexosaminidase level was 35.0 U/L among drunken 
men (n=25), but the mean value was 16.8 U/L among healthy males 
(n= 16) who were social drinkers. Interestingly, the mean 6-hexosaminidase 
level was 19.8 U/L among teetotalers. The authors further reported that sensi- 
tivity of 6-hexosaminidase among heavy drinkers was 85.7% and specificity 
of B-hexosaminidase as an alcohol biomarker was 97.6% [26]. Therefore, ele- 
vated serum B-hexosaminidase concentration is a marker for heavy drinking. 
B-Hexosaminidase in serum exists as heat labile (A and S) and heat 
stable (B, lı, I, and P). The heat-stable form is often referred to as B-Hex-B. 
The ratio of 3-Hex-B and total serum $-hexosaminidase activity expressed as 
a percentage (3-Hex-B%) is frequently used as an alcohol biomarker. In one 
study, the mean half-life of 6-Hex-B was 6.5 days and that of CDT was 8.6 
days, and combining both markers further increased sensitivity as an alcohol 
biomarker [27]. Stowell et al. reported that mean B-Hex-B% was 52.4% for 
alcoholics, 40.2% for heavy drinkers, 29.0% for moderate drinkers, and 
27.5% for nondrinkers, indicating that B-Hex-B% is a good biomarker for 
alcohol abuse. Also, this parameter correlated well with serum CDT values. 
The authors concluded that the cutoff value of serum B-Hex-B% was 35%, 
and any value greater than this indicates heavy alcohol consumption (>60 g 
per week). At that cutoff value, this alcohol biomarker had a specificity of 
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91% and sensitivity of 94%. This marker is more sensitive than GGT, AST, 
ALT, or MCV as an alcohol biomarker. Moreover, serum 8-Hex-B% is slightly 
more sensitive than CDT [28]. 


8-Hexosaminidase is a large molecule that is not filtered during glomerular 
filtration. However, it is abundantly present in the cells of proximal tubules, 
and a small amount is excreted in urine of normal subjects due to the exocy- 
tosis process. Elevated total 8-hexosaminidase levels (two- or threefold 
greater than normal value) in urine have been reported in chronic alcohol 
abusers. Wehr et al. suggested that urinary 3-hexosaminidase can be used to 
monitor sobriety in alcohol-dependent individuals [29]. Various conditions 
may falsely elevate serum and urine B-hexosaminidase levels (see Table 4.3). 
See Chapter 7 for further discussion. 


4.7 ETHYL GLUCURONIDE AND ETHYL SULFATE 
AS ALCOHOL BIOMARKERS 


Alcohol biomarkers such as GGT, MCV, CDT, and 8-hexosaminidase are indi- 
rect alcohol biomarkers. In contrast, ethyl glucuronide and ethyl sulfate are 
direct alcohol biomarkers because they are minor alcohol metabolites. Ethyl 
glucuronide and ethyl sulfate are minor products of phase II ethanol metabo- 
lism, representing less than 0.1% of total ethanol disposition. Ethyl glucuro- 
nide is formed by conjugation with glucuronic acid catalyzed by the enzyme 
UDP-glucuronosyltransferase, whereas ethyl sulfate formation is catalyzed by 
sulfotransferase. The presence of ethyl glucuronide and ethyl sulfate indicates 
recent alcohol consumption when alcohol is no longer present in the urine. 
Consumption of a relatively small quantity of alcohol, such as 7 g, may 
result in a detectable ethyl glucuronide level in urine for up to 6 hr. 
Detection time is longer after consumption of higher amounts of alcohol. 
Both ethyl glucuronide and ethyl sulfate could be detected in urine after 2—5 
days after abstinence in alcohol-dependent patients who were admitted to an 
alcohol rehabilitation center. The cutoff concentration of urinary glucuronide 
may vary from laboratory to laboratory; cutoff values of 100, 500, and 
1000 ng/mL have been reported [30]. However, a cutoff value of 100 ng/mL 
(0.1 mg/L) for ethyl glucuronide may be more appropriate to establish absti- 
nence. A cutoff value of 500 ng/mL for ethyl glucuronide is widely used by 
many laboratories, although higher cutoff levels have also been proposed, 
especially in forensic situations. The proposed cutoff value for ethyl sulfate 
ranges from 50 to 200 ng/mL [31]. 


In recent years, much attention has focused on determining the concentra- 
tion of ethyl glucuronide in hair. Usually, a scalp hair specimen is collected 
by cutting hair using scissors as closely as possible to the skin, and an 
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approximately 3-cm proximal segment is used for analysis. In general, the 
ethyl glucuronide level in hair in 95% of abstainers studied was less than 
1.0 pg/mg of hair, whereas 30% of abstainers had an ethyl glucuronide level 
below the detection limit of the highly sensitive liquid chromatography com- 
bined with tandem mass spectrometry assay (LC-MS/MS; detection limit: 
0.5 pg/mg of hair) [32]. Various cutoff concentrations have been proposed 
for analysis of ethyl glucuronide in hair, where the value is expressed as pico- 
grams per milligram of hair. Morini et al. stated that 27 pg/mg provided the 
best compromise between sensitivity (92%) and specificity (96%). The 
authors further commented that hair color, gender, age, body mass index, 
smoking, and cosmetic treatment of hair did not influence hair analysis for 
ethyl glucuronide [33]. Based on a meta-analysis of 15 records, Boscolo- 
Berto et al. noted that a cutoff of 30 pg/mg limits the false-negative effect in 
differentiating heavy from social drinking, whereas the 7 pg/mg cutoff may 
only be used for suspecting an active alcohol use and not proving complete 
abstinence [34]. 


Ethyl glucuronide in meconium is also measured to investigate possible 
exposure of fetuses to maternal alcohol use. Based on a study of 557 women 
with singleton births and available data including meconium specimens, 
Goecke et al. reported that only ethyl glucuronide in meconium showed an 
association with alcohol consumption history [35]. Bana et al. used a cutoff 
of 50 ng/g of meconium for ethyl glucuronide and 1000 ng/g of meconium 
for fatty acid ethyl esters in their study and reported that 34.6% of women 
consumed alcohol during pregnancy, whereas 17% of women showed posi- 
tive results with both markers [36]. For hair ethyl glucuronide, sensitivity of 
96% and specificity of 99% have been reported at a cutoff concentration of 
30 pg/mg of hair to identify individuals who were consuming alcohol chron- 
ically at an amount exceeding 60 g per day [37]. For urinary glucuronide at a 
cutoff of 100 ng/mL, sensitivity and specificity were 76 and 93%, respec- 
tively. The authors also determined that sensitivity and specificity of urinary 
ethyl sulfate at a 25 ng/mL cutoff were 82 and 86%, respectively, for identify- 
ing alcohol consumption 3—7 days prior to clinic visits [38]. 


Both false-positive and false-negative results have been reported with ethyl 
glucuronide and ethyl sulfate. False-positive test results with ethyl glucuro- 
nide and sulfate may be due to incidental exposure to alcohol-containing 
products such as mouthwash and hand sanitizers, especially if lower cutoff 
concentrations are used. Consuming nonalcoholic beer and wine in larger 
amounts may also produce false-positive results because such products may 
contain a small amount of alcohol. Eating baker's yeast with sugar, drinking 
large amounts of apple juice, or even eating ripe bananas may cause 
detectable amounts of ethyl glucuronide and ethyl sulfate in urine. Urinary 
tract infection may produce false-negative test results due to degradation of 
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Table 4.4 Limitations of Direct Alcohol Biomarkers 
Direct Alcohol Biomarkers Comments 


Ethyl glucuronide and ethyl sulfate in urine m Incidental exposure to ethanol other than intentional consumption 
may cause false-positive test results with ethyl glucuronide and/or 
ethyl sulfate if a lower cutoff is used. Extensive use of ethanol- 
containing mouthwash or hand sanitizer and drinking large amounts 
(2.5 L) of nonalcoholic beer or wine (750 mL) may cause false- 
positive results. 

Therapy with chloral hydrate or use of propanol/isopropanol- 
containing hand sanitizer may cause false-positive results only if DRI 
immunoassay for ethyl glucuronide is used. LC/MS/MS-based 
assays are not affected. 

False-negative ethyl glucuronide result may be encountered in a 
patient with urinary tract infection because E. coli present in urine 
may degrade ethyl glucuronide. Ethyl sulfate is not affected. Sodium 
fluoride should be used as preservative to avoid such degradation. 

Fatty acid ethyl esters in hair Regular use of hair products containing as little as 10% alcohol can 
impact fatty acid ethyl ester values in hair. In this case, ethyl 
glucuronide should be tested because ethyl glucuronide values 
in hair seem to be unaffected by use of hair products containing 
alcohol. 

Phosphatidylethanol in blood Phosphatidylethanol may be formed in vitro in the presence of 
alcohol. 

Phospholipase D is capable of producing phosphatidylmethanol in a 
person overdosed with methanol. Such a peak usually occurs near 
the peak of phosphatidylethanol in the chromatogram during 
LC/MS/MS analysis. 





ethyl glucuronide in urine by 8-glucuronidase enzyme present in Escherichia 
coli. Ethyl sulfate is not affected (Table 4.4). In 2006, the U.S. Substance 
Abuse and Mental Health Services Administration issued an advisory because 
of concern of false-positive test results with ethyl glucuronide testing and 
warned against use of ethyl glucuronide as the sole evidence in determining 
abstinence in criminal justice, regulatory, or legal settings [30]. See Chapter 8 
for more in-depth discussion on this topic. 


4.8 FATTY ACID ETHYL ESTER AS ALCOHOL 
BIOMARKER 


Fatty acid ethyl esters are minor metabolites of ethanol that are formed after 
alcohol consumption in virtually all tissues due to interaction of ethanol 
with free fatty acids as well as triglycerides, lipoproteins, and phospholipids. 
This pathway is an enzyme-mediated esterification of fatty acid or fatty 
acetyl-CoA by ethanol. The fatty acid ethyl ester synthase plays a role in the 
formation of fatty acid ethyl esters. In serum, fatty acid ethyl esters appear 
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after alcohol consumption and are bound to albumin and also found in the 
core of lipoproteins along with other neutral lipids. Fatty acid ethyl esters 
can be used as a marker to determine both acute and chronic ingestion of 
alcohol. The concentrations of fatty acid ethyl esters in serum parallel the 
ethanol level in serum after acute ingestion of alcohol. If blood alcohol is 
negative but fatty acid ethyl ester test is positive, then it can be assumed that 
alcohol consumption has occurred within the past 24 hours [39]. 


Although serum can be used to determine concentrations of fatty acid ethyl 
esters, the recent focus has been the determination of hair concentration of 
fatty acid ethyl esters in both clinical and forensic investigations. However, 
hair from a strictly abstinence person may show a very small amount of fatty 
acid ethyl ester, which may be related to trace amounts of endogenous etha- 
nol production or nutrition or the use of hair cosmetics. Hair specimens col- 
lected from the pubic region, armpit, chest, arm, or thigh show comparable 
fatty acid ethyl esters to specimens collected from scalp hair. Although 
approximately 15—20 fatty acid ethyl esters can be detected in a specimen, 
the most common ones used for calculation in varying amounts include 
ethyl laurate, ethyl myristate, ethyl palmitate, ethyl palmitoleate, ethyl stea- 
rate, ethyl oleate, ethyl linoleate, ethyl linolenate, ethyl arachidonate, and 
ethyl docosahexaenoate. Sometimes only the sum of the concentrations of 
four fatty acid ethyl esters (ethyl myristate, ethyl oleate, ethyl palmitate, and 
ethyl stearate) is used to determine the fatty acid ethyl ester concentration in 
a specimen. The sum of these fatty acid ethyl esters in hair specimens varies 
from less than 0.2 ng/mg of hair in strict teetotalers to more than 30 ng/mg 
in samples from alcoholic death [40]. Bertol et al. also proposed a cutoff of 
0.5 ng/mg for fatty acid ethyl ester concentration in hair (3-cm segment ana- 
lyzed) to differentiate between social drinking and excessive alcohol con- 
sumption (> 60g per day) [41]. Wurst et al. reported that at a 0.29 ng/mg 
cutoff for fatty acid ethyl esters in hair, the sensitivity and specificity were 
100 and 90%, respectively, in individuals who chronically abused alcohol 
[42]. Combining fatty acid ethyl ester and ethyl glucuronide in hair to differ- 
entiate social drinking from heavy drinking has also been proposed. Pragst 
et al. commented that the cutoff values of 0.5 ng/mg for fatty acid ethyl ester 
in hair and 30 pg/mg for ethyl glucuronide in a proximal hair segment 
0—3 cm long seem to be an optimal compromise for discriminating heavy 
consumption of alcohol from social drinking [43]. 


Meconium analysis of fatty acid ethyl esters is a valid method for identifying 
heavy prenatal ethanol exposure. However, small amounts of fatty acid ethyl 
esters are found in the meconium of neonates without any maternal use of 
alcohol. This may originate from endogenous ethanol or a trace amount of 
alcohol coming from food. Depending on the combination of fatty acid ethyl 
esters used for calculation, various cutoff values have been proposed; a cutoff 
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of 2 nmol/g (approximately 600 ng/g) has been widely used. See Chapter 8 
for further discussion. 


False-positive results have been reported with fatty acid ethyl ester analysis in 
hair. Hartwig et al. evaluated the effect of hair care products on fatty acid 
ethyl ester concentrations in hair and observed false-positive results due to 
frequent treatment with hair lotions containing high amounts of alcohol. 
Some hair wax products also contain fatty acid ethyl esters, but use of such 
hair wax should not increase the concentration of fatty acid ethyl ester in 
hair. In doubtful cases, pubic hair should be analyzed for comparison [44]. 
Gareri et al. studied the effect of hair care products on fatty acid ethyl ester 
concentrations in hair and concluded that regular use of hair products con- 
taining as little as 10% alcohol can impact fatty acid ethyl ester values in 
hair. In this case, ethyl glucuronide should be tested because ethyl glucuro- 
nide values in hair seem to be unaffected by use of hair products containing 
alcohol [45]. 


CASE REPORT 4.2 


A male infant was born at 39 weeks of gestation by uncom- 
plicated vaginal delivery. Birth weight was 2770 g, length 
was 46 cm, and head circumference was 32 cm. The infant 
was jittery at birth. The mother was 36 years old, and she 
tested positive for hepatitis C. Her two other children were 
in foster care, and she admitted that she had been consum- 
ing alcohol, primarily beer, on weekends for many years. 
She also reported that during pregnancy, she smoked two 
packs of cigarettes every 2 or 3 days and drank beer occa- 
sionally until 6 months of pregnancy, when she consumed 
high amounts of alcohol. She reduced her alcohol consump- 
tion significantly 2 weeks before delivery but did not stop 
drinking. Analysis of the infant's meconium showed a very 
high level of total fatty acid ethyl ester (13,126 ng/g). In con- 
trast, analysis of meconium of three infants not exposed to 


alcohol in utero according to maternal report showed a 
mean value of 410 ng/g. It is not completely understood 
whether fatty acid ethyl esters are formed mostly in the 
mother and cross the placenta or whether they are formed 
in the fetus. However, the placenta has all the necessary 
enzymes to produce fatty acid ethyl esters. In addition, fatty 
acid ethyl esters may be produced in meconium in the pres- 
ence of ethanol. For example, when the authors supplemen- 
ted meconium in vitro with ethanol, an increased level of 
linoleic acid ethyl ester was observed. However, no fatty 
acid ethyl ester was produced when amniotic fluid was sup- 
plemented in vitro with ethanol. The authors commented 
that fatty acid ethyl ester is an alcohol biomarker for in utero 
alcohol exposure [46]. 


4.9 PHOSPHATIDYLETHANOL AS ALCOHOL 


BIOMARKER 


Phosphatidylethanol is a group of phospholipids formed through phospho- 
lipase D-mediated enzymatic reaction between ethanol and phosphatidyl- 
choline in cell membranes. Phosphatidylethanol is measured in whole 
blood, in which it is mostly associated with erythrocyte cell membranes. 
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Phosphatidylethanol is not a single molecule but, rather, a group of glycero- 
phospholipid homologs with a common phosphoethanol head group and 
two long fatty acid chains attached to a glycerol backbone (sn-1 and sn-2 
positions). There exist many combinations of fatty acid chain lengths and 
numbers of double bonds in the fatty acids that are attached to the sn-1 and 
sn-2 positions of the glycerol backbone, but phosphatidylethanol 16:0/18:1 
(palmitic acid/oleic acid) and phosphatidylethanol 16:0/18:2 (palmitic 
acid/linoleic acid) are two major molecular species extracted from human 
erythrocytes [47]. Although a combination of phosphatidylethanol molecu- 
lar species 16:0/18:1 and 16:0/18:2 may be sufficient to represent total 
phosphatidylethanol level in blood, some investigators have used a combi- 
nation of more molecular species for their studies, such as 16:0/18:1, 
16:0/18;2, 16:0/20:4, 18:1/18:1, and 18:1/18:2. However, other investigators 
prefer to use 16:0/18:1 molecular species, which is the most abundant 
molecular species for quantification. Moreover, reference standards are com- 
mercially available. 


Consumption of one alcoholic drink is not sufficient to produce a 
detectable level of phosphatidylethanol in blood. In general, consumption of 
50g or more alcohol per day for several weeks is necessary to produce 
detectable amounts of phosphatidylethanol in blood. However, once posi- 
tive, it remains positive for 2 or 3 weeks, whereas blood alcohol may be 
undetectable several hours after consumption of the last drink. The half-life 
of phosphatidylethanol in blood is 4 days, and the amount of alcohol con- 
sumed correlates with blood phosphatidylethanol level. This marker is 
almost 100% specific because its formation is totally dependent on the pres- 
ence of ethanol. In addition, this marker is more sensitive than other tradi- 
tional alcohol biomarkers, including CDT, GGT, and MCV [48]. 


No cutoff concentration has been firmly established for clinical applica- 
tion of phosphatidylethanol, but values between 0.2 and 0.7 pmol/L have 
been proposed based on the limit of quantitation of the high-performance 
liquid chromatography method. In Sweden, 0.7 pmol/L (~492 ng/mL) 
has been proposed, at which value people who consume 50g of 
alcohol per day or more can be identified; at a cutoff of 0.2 pmol/L 
(~140 ng/mL), alcohol consumption of 40g or less may be assumed 
[47]. Phosphatidylethanol in blood has the highest specificity of 100% at 
a cutoff value of 0.36 pmol/L, whereas the sensitivity at this cutoff is 
94.5% to differentiate between drinkers and sober patients [49]. However, 
phosphatidylethanol may be formed in vitro if ethanol is present. 
Moreover, a patient overdosed with methanol may show the presence of a 
phosphatidylmethanol peak, which is eluted very close to the phosphati- 
dylethanol peak in the chromatogram (see Table 4.4). See Chapter 8 for 
further details. 
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4.10 TOTAL PLASMA SIALIC ACID AS ALCOHOL 
BIOMARKER 


Sialic acids comprise a family of more than 50 naturally occurring carbohy- 
drates that are derivatives of the nine-carbon sugar neuraminic acid 
(5-amino-3,5-dideoxy-p-glycero-p-galactononulsonic acid). One branch of 
the sialic acid family is N-acetylated to form N-acetylneuraminic acids, 
which are the most common form of sialic acid in humans [50]. In human 
serum, the majority of sialic acid is N-acetylneuraminic acid; other forms 
are found only in trace amounts. Total sialic acid in serum is the sum of 
protein-bound sialic acid, lipid-bound sialic acid, and free sialic acid, 
although free sialic acid represents only a very small fraction of total sialic 
acid. The molecular weights of sialic acids vary with their substitutions, but 
the average molecular weight is assumed to be 328.2 for sialic acid in 
human serum or plasma. The normal concentration of total sialic acid in 
serum or plasma is 1.58—2.22 mmol/L (52—73 mg/dL), and that of free 
sialic acid is 0.5—3 pmol/L (164—985 ng/mL) [51]. Chronic alcoholic con- 
sumption inhibits glycosylation of many proteins, such as transferrin, 
fibrinogen, and complement proteins. Because alcohol interferes with gly- 
cosylation, it is expected that total sialic acid concentration in serum should 
increase in individuals who consume alcohol on a regular basis. However, 
total sialic acid in serum or plasma is an indirect alcohol biomarker. 
Sillanaukee et al. studied 38 social drinkers and 77 alcoholics and suggested 
a cutoff concentration of 77.8 mg/dL in females and 80 mg/dL in males. 
Using these cutoffs, the sensitivity and specificity of sialic acid as an alcohol 
biomarker were 57.7 and 95.5%, respectively, in women and 47.8 and 
81.3%, respectively, in men [51]. Total sialic acid in plasma may be 
increased in a variety of diseases, which are listed in Table 4.5. See 
Chapter 9 for more details. 


Table 4.5 Limitations of Total Plasma Sialic Acid, Sialic Acid Index of Apolipoprotein J, and 
5-HTOL/5-HIAA Ratio as Alcohol Biomarkers 


Alcohol Biomarker 


Comments 


Total plasma sialic acid level m Various cancers, renal disease, diabetes, bacterial infection, inflammatory 


diseases, and sympathetic ophthalmitis may increase plasma total sialic 
acid level. 

Inherited disorders of sialic acid may cause elevated levels. 

Elderly people may have higher plasma total sialic acid level. 


Sialic acid index of apolipoprotein J No specific cases of false-positive results have been reported. 


5-HTOL/S-HIAA 


Therapy with aldehyde dehydrogenase inhibitors such as disulfiram 
(Antabuse) may cause a high 5-HTOL/5-HIAA ratio in urine. 
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4.11 SIALIC ACID INDEX OF APOLIPOPROTEIN J 


Apolipoprotein J (Apo J) or clusterin is a highly sialylated glycoprotein 
that is a normal component of plasma high-density lipoprotein particles. 
Approximately 30% of the Apo J molecule is carbohydrate, and there may 
be up to 28 mol of sialic acid per mole of Apo J [52]. The synthesis of 
the mature Apo J molecule requires the addition of sugars to the molecule 
in a sequential manner and termination of the attachment with sialic acid 
molecules. Therefore, in alcoholics, the activity of enzymes such as sialyl- 
transferase may be reduced, thus inhibiting the incorporation of sialic acid 
molecules in the mature Apo J molecule. Gong et al. reported downregula- 
tion of the liver sialyltransferase gene in human alcoholics, which caused 
defective glycosylation of a number of proteins, including Apo E and 
Apo J [53]. As a result, the sialic acid index of plasma Apo J could be used 
as an alcohol biomarker, where moles of sialic acid per mole of Apo J 
should be reduced in alcoholics compared to healthy individuals. One 
study reported that in human subjects, intake of alcohol for 30 days 
resulted in an almost 50% decrease in the sialic acid index of Apo J. 
Patients who consumed 50—60 g of alcohol per day showed a mean sialic 
index of Apo J (moles of sialic acid per mole of Apo J) of 14 (n=15), 
whereas in controls the value was 28 (n= 15). The values returned to nor- 
mal after 6—8 weeks of abstinence [54]. Specificity of the sialic acid index 
of Apo J is approximately 100%, sensitivity is approximately 90—92%, and 
half-life is 4 or 5 weeks [55]. 


4.12 5-HTOL/5-HIAA AS ALCOHOL BIOMARKER 


Normally, serotonin (5-hydroxytryptamine), a neuromodulator, is meta- 
bolized to 5-hydroxyindole-3-acetaldehyde by the action of the mono- 
amine oxidase enzyme (monoamine oxidase A has the highest affinity for 
serotonin). Then 5-hydroxyindole-3-acetaldehyde is either oxidized to 
5-hydroxyindole-3-acetic acid (5-HIAA) or reduced to 5-hydroxytryptophol 
(5-HTOL). Oxidation to 5-HIAA is the major metabolic pathway of seroto- 
nin, whereas 5-HTOL is a minor metabolic pathway. However, alcohol 
consumption causes a shift in the serotonin metabolism from 5-HIAA to 
5-HTOL due to competitive inhibition of aldehyde dehydrogenase by acetal- 
dehyde, the major metabolite of alcohol. In addition, increased levels of 
NADH due to alcohol metabolism also favor 5-HTOL formation [56]. 
Whereas 5-HIAA is secreted in the urine unconjugated, 5-HTOL is excreted in 
the urine as glucuronide conjugate (GTOL). Sulfate conjugate of 5-HTOL is 
also found in the urine. The ratio of 5-HTOL to 5-HIAA in urine is usually 
determined as picomoles of 5-HTOL per nanomoles of 5-HIAA to evaluate 


0 CHAPTER 4: Alcohol Biomarkers 


alcohol consumption because the ratio increases significantly in people who 
consume alcohol. The advantages of using this ratio are that it compensates 
for urine dilution and accounts for dietary sources of serotonin. In general, it 
is assumed that the detection window of the 5-HTOL/5-HIAA ratio in urine 
is approximately 5—15 hr longer than that of ethanol in urine, and this bio- 
marker is considered a 24-hr alcohol biomarker. Although consumption of 
low amounts of ethanol (<10 g) may not increase the 5-HTOL/5-HIAA ratio 
in urine, consumption of 50 g or more should increase the ratio significantly. 
Higher ratios are indicative of more ethanol consumption, almost in a dose- 
dependent manner. The specificity of this alcohol biomarker is almost 
100% [57]. The sensitivity for consuming 50 g or more of alcohol is 77% at 
a cutoff value of 15 pmol/nmol [58]. However, Voltaire et al. proposed a cut- 
off of 20 pmol/nmol [59]. Instead of the 5-HTOL/5-HIAA ratio, some 
authors have used the GTOL/5-HIAA ratio as an alcohol biomarker, which 
provides similar results as those obtained using the 5-HTOL/5-HIAA ratio as 
an alcohol biomarker. Apart from alcohol ingestion, treatment with an alde- 
hyde dehydrogenase inhibitor such as disulfiram is the only known cause of 
an abnormally high 5-HTOL/5-HIAA ratio in urine [60]. See Chapter 9 for 
more details. Limitations of the 5-HTOL/5-HIAA ratio as an alcohol bio- 
marker are summarized in Table 4.5. 


4.13 OTHER ALCOHOL BIOMARKERS 


In addition to the biomarkers previously described, there are other alcohol 
biomarkers that are less often used in the clinical setting. Acetaldehyde, the 
major metabolite of ethanol, is a highly reactive molecule that reacts with 
various proteins forming adducts. Hemoglobin adduct of acetaldehyde can 
be used as an alcohol biomarker. Dolichol is also a potential alcohol bio- 
marker (see Chapter 7). Plasma cholesteryl ester transfer protein (CETP) 
plays an important role in reverse cholesterol transport—the process in 
which cholesterol is transported from peripheral tissue back to the liver. 
Alcohol consumption lowers the activity of CETP; thus, CETP has a potential 
application as an alcohol biomarker. Homocysteine is an excitatory amino 
acid that markedly enhances vulnerability to neural cells to oxidative injury. 
Chronic alcoholism can increase the serum or plasma concentration of 
homocysteine. Cytokines play an important role in regulating various 
processes, including inflammation, cell death, cell proliferation, and cell mit- 
igation. Circulating cytokines such as tumor necrosis factor-a, interleukin-1 
(IL-1), and IL-6 are elevated in both chronic and acute alcohol-induced liver 
disease. In addition, IL-8, IL-12, and monocyte chemoattractant protein-1 
(MCP-1) may have potential as alcohol biomarkers. See Chapter 9 for 
more details. 
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4.14 CLINICAL APPLICATION OF ALCOHOL 
BIOMARKERS 


Although moderate alcohol consumption has health benefits, heavy alcohol 
consumption is detrimental to health (see Chapter 1). Alcohol use disorder 
(AUD) is a medical condition affecting an estimated 18 million Americans. 
Therefore, early identification of individuals who may be consuming exces- 
sive alcohol is important so that intervention may be instituted to prevent 
alcohol-related injuries and illness. Because there is no universal alcohol bio- 
marker that can be used as a gold standard, it is generally assumed that the 
structured interview provides the best reference standard on which a screen- 
ing test such as an alcohol biomarker can be validated. In general, a struc- 
tured interview by a clinician or a health care professional, assessment of 
alcohol use using a questionnaire, and laboratory tests including alcohol 
biomarkers can be used to identify individuals who are at high risk of 
developing AUD. 


4.14.1 Diagnosis Using DSM-IV and DSM-5 


AUD can be diagnosed in a structured interview setting using the criteria in 
the fourth edition of the Diagnostic and Statistical Manual of Mental Disorders 
(DSM-IV; American Psychiatric Association). The DSM-5, an updated version 
of DSM-IV, is now available, but there is considerable overlap between 
DSM-IV and DSM-5. DSM-IV describes two distinct disorders—alcohol abuse 
and alcohol dependence—with specific criteria for each. However, in DSM-5, 
both disorders are integrated into one disorder termed alcohol use disorder 
(AUD) with subclassification of mild, moderate, and severe disorders. Eleven 
criteria of AUD are listed in DSM-5. The presence of at least 2 of the 11 crite- 
ria in the past 12 months indicates that a patient is suffering from AUD. If 
only 2 or 3 criteria are present, the diagnosis is mild AUD; if 4 or 5 criteria 
are present, it is moderate AUD; and if 6 or more criteria are present, the 
diagnosis is severe AUD. In one study using DSM-5 criteria, the prevalence of 
AUD was 10.8% among 34,653 survey participants. According to DSM-IV cri- 
teria, 9.7% in the same population would have the AUD diagnosis [61]. 


4.14.2 Self-Assessment of Alcohol Use 


In addition to the structured interview format, self-assessment of alcohol use 
by patients can be used for diagnosis of AUD. Clinically, self-assessment 
questionnaires such as AUDIT, MAST, and CAGE are widely used. CAGE is 
based on self-assessment of four factors (C: Have you ever felt you should 
cut down on your drinking? A: Have people annoyed you by criticizing your 
drinking? G: Have you ever felt bad or guilty about your drinking? E: Eye 
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opener—Have you ever had a drink first thing in the morning to steady your 
nerves or to get rid of a hangover?). MAST (Michigan Alcoholism Screening 
Test) is a long test containing 24 questions. AUDIT (Alcohol Use Disorder 
Identification Test) was developed in collaboration with WHO as a simple 
screening test for early detection of AUD. AUDIT consists of 10 questions 
about alcohol consumption (questions 1—3), dependence (questions 4—6), 
and alcohol-related harm (questions 7—10). In general, AUDIT is better than 
CAGE in clinical settings. Subsequently, a three-question version of AUDIT 
called AUDIT-C (Alcohol Use Disorder Identification Test—Consumption) 
was developed that is simpler than AUDIT because it contains only the first 
three questions of the AUDIT questionnaire. This simple version is useful for 
screening patients by trauma physicians, and the American College of 
Surgeons has mandated that all trauma patients should undergo routine 
AUD screening. The optimum cutoff score of AUDIT is 8 (maximum possible 
score 40), whereas the corresponding cutoff score of AUDIT-C is 5 (maxi- 
mum possible score 12), providing a sensitivity and specificity of 88 and 
91%, respectively, for both tests. Both AUDIT and AUDIT-C have excellent 
overall accuracy for the detection of hazardous alcohol consumption. There 
is no significant difference in performance between AUDIT and AUDIT-C 
[62]. However, Bradley et al. suggested an AUDIT-C cutoff score of 4 in men 
(sensitivity, 86%; specificity, 89%) and 3 in women (sensitivity, 73%; speci- 
ficity, 91%) to identify alcohol misuse [63]. Berner et al. found that AUDIT 
was largely heterogeneous because sensitivity as well as specificity varied sig- 
nificantly between different studies. Therefore, AUDIT should be restricted to 
the primary care population, inpatients, and elderly patients [64]. Dawson 
et al. compared the performance of AUDIT-C in screening for DSM-IV and 
DSM-5 criteria in the diagnosis of AUD and found that AUDIT-C score at a 
cutoff point of 4 optimally screens for DSM-IV criteria and also optimizes 
screening for DSM-5 criteria. Therefore, clinicians should not have to under- 
take any major overhaul of their current screening procedure as a result of 
DSM.-5 revision and should benefit from fewer false-positive results [65]. 


4.14.3 Alcohol Biomarkers and AUDIT 


AUDIT score is capable of providing a history of alcohol use in the past year, 
whereas no alcohol biomarker has this capability. Most alcohol biomarkers 
can provide information regarding recent use of alcohol, and hair testing 
may provide information up to a few months. Nevertheless, self-reported 
alcohol use such as AUDIT score has limitations. Patients may be reluctant 
to provide an accurate representation of past drinking history due to the 
social stigma associated with heavy consumption of alcohol. Therefore, 
AUDIT score and alcohol biomarkers may be complimentary in identifying 
patients who may be consuming excess alcohol. The validity of self-reporting 
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may be improved if it is used in combination with a laboratory test such as 
alcohol biomarker. Using an AUDIT cutoff score of 8 and CDT cutoff scores 
of 20 U/L in males and 27 U/L in females, Hermansson et al. reported that 
out of 570 subjects who participated in a workplace health examination, 105 
subjects (18.4%) screened positive according to AUDIT score, CDT cutoff, or 
both. The AUDIT score varied between 8 and 12 in subjects who screened 
positive by AUDIT, whereas CDT levels were 22—65 U/L in males and 
30—36 U/L in females who screened positive. If GGT was included, then 125 
subjects (22%) screened positive. However, if only AUDIT was used in the 
screening process, the proportion of all positives would have decreased by 
nearly half. The authors concluded that AUDIT and CDT are complementary 
for alcohol screening in a routine workplace health examination [66]. Wurst 
et al. found that self-reported ethanol intake in the past 28 days correlated 
with AUDIT score, with the direct ethanol metabolite (ethyl glucuronide and 
ethyl sulfate), and with MCV. However, results from biomarker tests could 
indicate cases of under- as well as overreporting of alcohol consumption 
[67]. In another report, the authors commented that although hair ethyl glu- 
curonide correlated with AUDIT score, hair ethyl glucuronide identified 
10 more cases of positive alcohol [68]. 


CASE REPORT 4.3 


A 39-year-old woman who initially presented with bleeding because of fear of further damaging her kidneys. Laboratory 
gums due to excessive warfarin therapy, which she took pro- tests showed AST of 13 U/L, ALT of 19 U/L, but an elevated 
phylactically due to deep vein thrombosis, was seen in the psy- GGT level of 104 U/L. Her MCV was also elevated to 101 fL. 
chiatry clinic for depression. She had a history of substance The combined elevated GGT and MCV has a sensitivity of 95% 
abuse and binge drinking. However, she reported that she had for alcohol abuse, and her laboratory tests indicated that she 
stopped drinking and had remained abstinent for the past year had recently consumed a substantial amount of alcohol [69]. 


4.14.4 Application of Alcohol Biomarkers 


Because patients may not disclose recent alcohol consumption or may under- 
report alcohol consumption, it is important to conduct alcohol biomarker 
testing in patients suspected of alcohol abuse. Currently, alcohol biomarkers 
are used in various clinical settings, which are listed in Table 4.6. In general, 
only 10—13% of patients with AUD seek treatment, and the vast majority of 
patients do not seek any specific help. Therefore, it is likely that many more 
patients with drinking problems will see a primary care physician. Although a 
primary care physician may not routinely test for specific alcohol biomarkers 
in all patients, during routine laboratory investigation elevated liver enzymes 
such as GGT may alert a clinician regarding potential alcohol abuse by a 
patient. In this case, testing of CDT may be useful. Kapoor et al. reported that 
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Table 4.6 Clinical Application of Alcohol Biomarkers 


Clinical Settings 


Primary care 


Criminal justice 


Drug/alcohol 
rehabilitation program 


Health and safety 
screening program 
Workplace drug/alcoho! 
testing 

Emergency medicine/ 
trauma/transplant 
service 

Pregnant women 


Indication for Use Possible Biomarkers Used 


Screening for alcohol GGT and CDT are most commonly used by ethyl 
abuse/potential relapse glucuronide, and other markers may also be used. 
Abstinence Blood and urine alcohol levels along with ethyl glucuronide, 
ethyl sulfate, and hair fatty acid ethyl ester are commonly 
used. Transdermal alcohol sensor? devices may also be 
used. 
Abstinen Ethyl glucuronide and ethyl sulfate, along with blood and 
urine alcohol, are used. Transdermal alcohol sensor devices 
may also be used. 
Screening for alcohol Ethyl glucuronide, ethyl sulfate, GGT, and CDT are used. 
abuse 
Abstinence Blood and/or urine alcohol along with ethyl glucuronide and 
ethyl sulfate, if necessary, are used. 
Abstinence GGT, CDT, ethyl glucuronide, ethyl sulfate, and possibly hair 
fatty acid ethyl ester are used. 








Abstinen Ethyl glucuronide, ethyl sulfate in urine, or meconium is 
useful. In addition, testing of fatty acid ethyl ester in maternal 
hair may provide additional information. 


*Transdermal alcohol sensor devices are discussed in Chapter 3. 





adding CDT screening to a patient's self-report of alcohol consumption in the 
primary care setting results in significant savings in health care costs [70]. 
Alcohol biomarker testings are widely used in criminal justice along with 
drug and possible urine alcohol determination. In addition, transdermal alco- 
hol sensor devices (see Chapter 3) are widely used in criminal justice. Ethyl 
glucuronide and ethyl sulfate, as well as hair fatty acid ethyl ester, are used as 
alcohol biomarkers in criminal justice. A less commonly used biomarker is 
the 5-HTOL/5-HIAA ratio. In the workplace, it is important to monitor absti- 
nence of problematic drinkers in high-risk job settings such as the transporta- 
tion sector. Alcohol biomarker testing is also useful in pregnant women if 
alcohol consumption is suspected. In screening of pregnant women, testing for 
ethyl glucuronide, ethyl sulfate, and fatty acid ethyl ester may be useful. Testing 
of these biomarkers in meconium may also have additional benefits [71]. 


4.14.5 Combining Alcohol Biomarkers 


To increase sensitivity and specificity of alcohol biomarkers, more than one 
biomarker may be combined. A common approach is to combine GGT and 
CDT using the mathematical equation that was discussed previously in this 
chapter and is also discussed in Chapter 5. In general, trisialotransferrin is 
not measured during the determination of CDT in serum. Tamigniau et al. 
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reported that CDT showed a poor sensitivity of 63% or lower in the identifi- 
cation of patients with heavy alcohol consumption. Combining trisialotrans- 
ferrin with CDT significantly improved sensitivity and specificity. When MCV 
and GGT were added to this combination, performance was further 
improved |72]. Kip et al. studied 74 blood alcohol-negative male patients 
who presented to the emergency room with either thoracic or gastrointestinal 
complains using AUDIT score, phosphatidylethanol in whole blood, serum 
and urine ethyl glucuronide, %CDT, GGT, and MCV. The authors classified 
patients into two groups—one with an AUDIT score less than 8 (n = 52) and 
the other with an AUDIT score of 8 or higher (n = 22). The authors observed 
that out of 52 patients with an AUDIT score of 8 or less (cutoff score of 8 
and higher indicates alcohol abuse), 13 patients tested positive with both 
urine ethyl glucuronide and whole blood phosphatidylethanol indicating 
recent alcohol consumption. In addition, %CDT was useful in identifying 
patients with a cutoff AUDIT score of less than 8 but who consumed alcohol 
despite claiming sobriety. The authors concluded that determination of phos- 
phatidylethanol and urine ethyl glucuronide provided additional evidence in 
screening for AUD in the emergency room setting [73]. Karagulle et al. 
reported that combining homocysteine with CDT levels can be a useful 
method to identify patients at high risk of developing alcohol withdrawal 
seizures |74]. 


Another approach to increase sensitivity and specificity is to combine 8—15 
biochemical and clinical indicators to develop an algorithm for identifying 
patients who consume excessive amounts of alcohol. It is assumed that in 
the general practice setting, maximally only 60% of patients with issues of 
alcohol abuse are identified, and such an algorithm may be helpful to iden- 
tify more patients with problematic alcohol consumption. The main reasons 
for underdiagnosis are denial by certain patients and insufficient sensitivity 
of a selected biomarker to detect a less severe form of alcoholism. The 
Bayesian Alcoholism Test (BAT) can facilitate the confirmation of the diagno- 
sis of hazardous and harmful alcohol use. In BAT, a computer program com- 
bines information about alcoholism and data on a particular patient (from 
selected blood test results and clinical signs) to yield a probability of hazard- 
ous and harmful alcohol use in the patient. Using clinical data and labora- 
tory tests (MCV, CDT, GGT, ALT, AST, and alkaline phosphate), Korzec et al. 
developed the BAT, which had a higher sensitivity (94%) compared to CDT 
(63%) and GGT (73%). The authors concluded that BAT has better diagnos- 
tic properties than do CDT and GGT for confirming hazardous and harmful 
alcohol use [75]. Although the original BAT algorithm used a total of 15 clin- 
ical (hepatitis risk, diabetes mellitus, body mass index, palpable liver, spider 
naevi, level of response to alcohol, smoking, and responses to CAGE 
questions) and biochemical (GGT, ALT, AST, ALT/AST ratio, CDT, alkaline 
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phosphatase, and MCV) parameters, 8 parameters can also be used in the 
BAT data set to calculate probability of harmful (> 80 g/day), hazardous 
(40—80 g/day), and moderate alcohol consumption (<40 g/day). In general, 
the use of BAT with 8 parameters is also superior to CDT, GGT, or AST for 
predicting harmful or hazardous alcohol use [76]. 


4.15 CONCLUSIONS 


Alcohol abuse is a significant problem worldwide, and early detection of 
individuals who may be prone to such abuse is essential. Alcohol abuse is 
associated with violent behavior, traffic accident fatalities, higher disease bur- 
den, and poor outcome in pregnancy. Therapeutic intervention is necessary 
to deal with alcohol abuse, and recently even yoga has been suggested as a 
feasible and adjunct therapy for alcohol dependence [77]. Structured inter- 
view using DSM-IV or DSM-5 criteria, self-assessment of alcohol intake such 
as AUDIT score, and alcohol biomarkers are available to help clinicians iden- 
tify patients who are consuming harmful or hazardous amounts of alcohol 
as well as patients who have AUD. Whereas structured interview and AUDIT 
can provide information regarding past year alcohol consumption pattern, 
alcohol biomarkers can provide information only on recent alcohol con- 
sumption or abstinence. BAT can facilitate the confirmation of the diagnosis 
of hazardous and harmful alcohol use. 
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CHAPTER 5 


Liver Enzymes as Alcohol Biomarkers 


5.1 INTRODUCTION 


The liver is the largest internal organ of the body, weighing approximately 
1.2—1.5 kg. The liver performs multiple functions that are essential for sus- 
taining life, and it is the principal site for synthesis of all circulating proteins 
except + globulins. A functioning normal liver produces 10—12 g of albumin 
daily, and the half-life of albumin is approximately 3 weeks. When liver 
function is compromised over a prolonged period of time, albumin synthesis 
is severely impaired and hypoalbuminemia is a common finding in chronic 
liver disease. However, a significant reduction in serum albumin levels might 
not be observed in patients with acute liver failure. In addition to albumin, 
all clotting factors with the exception of factor VIII are produced in the liver. 
Therefore, as expected when liver function is significantly impaired, low 
levels of clotting factors are produced by the liver. As a result, coagulation 
tests such as prothrombin time (PT) are prolonged. Conventional liver func- 
tion tests consist of the determination of serum or plasma level of bilirubin 
as well as activities of various liver enzymes, including alanine aminotrans- 
ferase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), 
and +4-glutamyl transferase (GGT; also known as 4-glutamyl transpeptidase). 
In addition, serum or plasma concentrations of total protein and albumin 
are useful in assessing liver function. Normal values of various analytes used 
as liver function tests are summarized in Table 5.1. 


Breakdown of hepatocytes results in the release of aminotransferases (also 
referred to as transaminases) such as ALT and AST into the blood. ALT is a 
cytosol enzyme and more specific for liver disease. AST is primarily a mito- 
chondrial enzyme that is also found in heart, muscle, kidney, and brain. 
ALT has a longer half-life than AST. In acute liver injury, AST levels are 
higher than those of ALT; however, after 24—48 hr, ALT levels should be 
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Table 5.1 Normal Values of Common Analytes Used as Liver Function 
Tests 


Analyte Normal (Reference Value)? 


Alanine aminotransferase (ALT) 7—55 U/L 
Aspartate aminotransferase (AST) 8—48 U/L 
Alkaline phosphatase (ALP) 45—115 U/L 
q-Glutamyl transferase (GGT) 9—48 U/L 
Albumin 3.5—5.0 g/dL 
Total protein 6.3—7.9 mg/dL 
Bilirubin 0.1—1.0 mg/dL 
Prothrombin time (PT) 9.5—13.8 sec 








“Reference values were adopted from those described by the Mayo Medical Clinic (Rochester, MN). 
Various enzyme activities (also referred to as enzyme levels) are expressed in units per liter, which are 
numerically equivalent to international units per liter (IU/L). 





higher than AST levels. ALT is considered to be a more specific marker for 
liver injury. ALP is found in liver, bone, intestine, and placenta. ALP is 
located in the canalicular and sinusoidal membrane of the liver. Because 
alcohol has toxic effects on the liver, liver enzymes are elevated in indivi- 
duals who consume excessive amounts of alcohol. GGT is a membrane- 
bound glycoprotein located on the cell surface membrane of most cell 
types, including hepatocytes. Although liver enzymes, especially GGT, may 
be elevated in people who consume alcohol, the activities of liver enzymes 
are also affected by many personal and environmental factors, including 
smoking. Various factors other than alcohol consumption that may affect 
liver enzymes are summarized in Table 5.2. 


5.2 FACTORS AFFECTING LIVER FUNCTION TESTS 


In addition to hepatic injury, hepatic diseases, and hepatitis infection, many 
other factors can cause abnormal serum levels of liver enzymes. Liver 
enzymes are measured in clinical laboratories as enzymatic activities (values 
are expressed as units per liter (U/L) or international units per liter (IU/L); 
these are numerically equivalent). However, enzyme activities may also refer 
to serum enzyme levels. For an in-depth discussion of elevated liver enzymes 
and hepatic disease, the reader is advised to consult a medical textbook. In 
this chapter, the relationship between liver enzymes and alcohol consump- 
tion is discussed, and a brief discussion of various factors other than hepatic 
injury that may cause elevated liver enzymes is also presented. 


5.2 Factors Affecting Liver Function Tests Ea 


Table 5.2 Various Factors Other Than Alcohol Consumption and Liver 
Diseases That May Affect Serum or Plasma Concentrations of Liver 
Enzymes 


Factor 


Age 


Gender 
Childbirth 


Race 

Body mass index 
(BMI) 

Cigarette smoking 
Coffee 
consumption 


Strenuous 
exercise 


Diet 





Malnutrition 
Diurnal variation 
Cardiac diseases 





Musculoskeletal 
diseases 


Endocrine 
disorders 


Wilson’s disease 








Effects 


ALT values decrease with advancing age, whereas GGT values 
increase. Up to a 30% increase in mean GGT values is observed 
between the age groups of 18—25 and 56—65 years in both men 
and women. 


Girls may have lower ALT levels than boys. Men have higher GGT 
values than women. 


GGT values may increase 5—10 days after delivery with greater 
increases after cesarean section. Values then return to normal. 


GGT values are higher in African Americans than Caucasians. 
May increase both ALT and AST levels. 


May increase serum GGT levels. 
Reduces levels of ALT, AST, and GGT in serum. 


Increases AST levels but may decrease ALT levels. 


High-carbohydrate, high-calorie diet may increase serum 
transaminase levels. 


Elevated serum levels of liver enzymes. 
ALT levels are lowest at night and highest during the afternoon. 


Heart failure and myocardial infarction may elevate liver enzyme 
activities in serum, especially GGT. 

Significantly elevated AST levels in patients with muscular 
dystrophy, polymyositis, and rhabdomyolysis. 

Hyperthyroidism increases ALT and AST levels. 


Elevated serum ALT and AST levels. 


In general, 1—4% of asymptomatic patients exhibit abnormal liver func- 
tion tests. Many factors may affect liver enzymes; for example, hyperthy- 
roidism may elevate both AST and ALT levels. This may be due to excessive 
thyroid activity that leads to hepatic ischemia by increasing hepatic and 
splanchnic oxygen requirement |1]. Serum ALT levels decrease with age 
[2]. In general, girls have lower ALT levels than boys. Based on study of 
1293 children, England et al. observed that ALT levels decreased with 
increasing age, whereas ALT levels were significantly lower in girls than in 
boys. Reference cutoffs before 18 months of age were 60 U/L for boys and 
55 U/L for girls, decreasing to 40 U/L for boys and 35 U/L for girls after 18 
months of age [3]. ALT and AST levels are 40—50% higher in individuals 
with high body mass index (BMI). Strenuous exercise can elevate AST 
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values by up to threefold, but ALT values are approximately 20% lower in 
individuals who exercise [4]. Muscle injury is associated with significantly 
higher serum AST levels in conditions such as muscular dystrophy, poly- 
myositis, and rhabdomyolysis [5]. Cardiac diseases may result in elevated 
liver enzyme levels in serum. Lofthus et al. demonstrated that acute ST- 
elevated myocardial infarction is associated with elevated levels of ALT and 
AST along with creatine kinase-MB isoenzyme (CK-MB) [6]. Wilson’s dis- 
ease is an autosomal recessive disease with genetic abnormality on chro- 
mosome 13 that results in defective copper metabolism. As a result, 
increased copper concentrations are observed in multiple organs, including 
the liver, central nervous system, and other organs. Serum ALT and AST are 
usually elevated in patients with Wilson's disease because copper disposi- 
tion in the liver causes liver damage [7]. 


Blood transaminase activities and triglyceride concentrations are increased 
in individuals who consume a diet rich in carbohydrates and high in 
calories [8]. However, coffee consumption may reduce levels of ALT, AST, 
and GGT. An inverse relationship between coffee consumption and liver 
enzymes is more evident in individuals with a low BMI [9]. Klatsky et al. 
noted that there is an ingredient in coffee that protects the liver against cir- 
rhosis, especially alcoholic cirrhosis [10]. Malnutrition can cause significant 
increases in serum transaminase levels [11]. 


CASE REPORT 5.1 


A 26-year-old Caucasian woman with a history of anorexia 35 mL/min, indicating dehydration and prerenal azotemia. 
nervosa had a BMI of 10.8 upon admission to the hospital. No other cause of liver damage besides malnutrition was 
Her laboratory test results indicated highly elevated ALT found. The patient recovered with hydration and nutritional 
(3930 IU/L), AST [9980 IU/L), amylase (1002 IU/L), lipase support. She was discharged after staying in the hospital for 
(1437 IU/L), lactate dehydrogenase (6830 IU/L), and creatine 37 days. At discharge, all of her laboratory test results were 
kinase (783 IU/L). Glomerular filtration rate was reduced to within normal limits, including liver enzymes [12]. 


Various drugs and herbal supplements may cause liver damage resulting 
in elevated serum levels of various liver enzymes. Acetaminophen, an 
analgesic, is present in many over-the-counter medications as well as in 
prescription pain medications. Acetaminophen may cause liver damage 
and elevated levels of liver enzymes if taken in excess. Many drugs also 
have toxic effects on the liver. Herbal supplements such as kava, comfrey, 
germander, and chaparral may cause liver damage, and as a result, ele- 
vated levels of liver enzymes may be observed in serum [|13]. Common 
drugs and herbal supplements that may cause liver damage are summa- 
rized in Box 5.1. 
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BOX 5.1 COMMON DRUGS AND HERBAL SUPPLEMENTS 
THAT MAY CAUSE ABNORMAL LIVER ENZYME LEVELS 


Drugs Herbal Supplements 
Acetaminophen Kava 
Acetylsalicylate (aspirin) Comfrey 
Diclofenac Chaparral 
Indomethacin Germander 
Tetracycline Lipokinetix {weight-loss product] 
Erythromycin Mistletoe 
Isoniazid Pennyroyal oil 
Allopurinol 
Phenytoin *In addition to this list, there are many more drugs 
Valproic acid and herbal supplements that may cause liver 
Amiodarone damage. 
Quinidine 
Niacin 
Statins 





5.3 EFFECT OF MODERATE ALCOHOL CONSUMPTION 
ON LIVER ENZYMES 


The prevalence of unexplained elevated levels of liver enzymes ranges from 
2.8 to 5.4% in the general U.S. population, and 80—90% of unexplained ele- 
vated levels of liver enzymes are related to nonalcoholic fatty liver diseases, 
which include a broad spectrum of diseases from simple fatty liver disease to 
nonalcoholic liver steatohepatitis with variable degrees of fibrosis or hepatic 
inflammation. Factors such as alcohol consumption, cigarette smoking, meta- 
bolic syndrome, and obesity may cause elevated levels of various liver 
enzymes. Park et al. observed a supra-additive effect of moderate alcohol con- 
sumption and both cigarette smoking and metabolic syndrome on levels of 
serum liver enzymes. Moreover, moderate alcohol consumption alone may 
also increase levels of liver enzymes [14]. Whitehead et al. studied the effects 
of cigarette smoking and alcohol consumption on serum liver enzyme activi- 
ties using 46,775 men and observed that cigarette smoking produced signifi- 
cant increases in GGT activities in all drinking categories, including 
teetotalers, especially in individuals who smoked more than 20 cigarettes per 
day. Although smoking alone had no significant effect on serum ALT and 
AST levels, both smoking and drinking resulted in increased levels of GGT 
due to induction of this liver enzyme by both nicotine and alcohol. The 
authors concluded that smoking as well as drinking habits of patients must 
be accounted for when evaluating liver enzyme values [15]. 
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Although liver enzymes may be elevated in individuals who drink in moderation, 
obesity may intensify such effect. In a study of 2164 apparently healthy subjects 
(1028 men and 1136 women) who either did not consume any alcohol or con- 
sumed less than 40 g of ethanol each day (moderate drinkers), Alatalo et al. 
observed that the activities of ALT and GGT but not AST were slightly but statisti- 
cally significantly (by Mann—Whitney U test) higher in moderate drinkers than 
in nondrinkers. For example, mean ALT, AST, and GGT activities in abstainers 
(n = 669) were 23, 24, and 24 U/L, respectively, whereas corresponding activities 
in moderate drinkers (n = 1495) were 25, 24, and 29 U/L, respectively. Obese 
people showed higher levels of liver enzymes, and such elevations were more 
pronounced in moderate drinkers. In the group of abstainers who were obese, 
the mean ALT, AST, and GGT activities were 52, 18, and 36% above the baseline, 
respectively. In moderate drinkers who were obese, the corresponding activities 
were 105, 41, and 123% higher than baseline values, respectively. The authors 
concluded that the effect of moderate alcohol consumption on serum liver 
enzyme activities increases with increasing BMI [16]. In another study, which 
included approximately 21,000 men, the authors observed a positive correlation 
between alcohol consumption and serum levels of serum ALT, AST, and GGT. 
Increased consumption of cigarettes was associated with increased mean level of 
GGT. However, all liver enzymes increased with increasing BMI, and the effect of 
obesity was particularly important in the case of ALT: The prevalence of increased 
ALT values in obese individuals (BMI = 31 kg/m”) was eight times that in peo- 
ple with normal body weight (BMI < 25 kg/m?) [17]. 


In a study of 1,166,847 Koreans (731,560 men and 435,287 women) aged 
30—95 years, Sull et al. estimated that ALT increased by 18.8 U/L and AST by 
7.1 U/L across the range of BMI values (<18.5 to >32 kg/m”) in men, 
whereas such increases were estimated at 9.9 and 4.5 U/L, respectively, in 
women. In general, average ALT and AST levels were higher in men than in 
women. The prevalence of abnormal ALT and AST was 10.1 and 7.1%, 
respectively, in men, whereas such prevalence was 4.0 and 3.4%, respectively, 
in women. The prevalence of alcohol consumption was 76.8% in men and 
14.3% in women. The levels of ALT and AST were higher in heavy drinkers 
than in nondrinkers, but for women the relationship between aminotransfer- 
ase levels and BMI did not vary by alcohol consumption [18]. Therefore, ele- 
vated liver enzymes should be interpreted in light of drinking history and 
other factors, such as obesity, metabolic syndrome, and smoking habit. 


5.4 GGT AS ALCOHOL BIOMARKER 


Although ALT and AST may be significantly elevated in individuals who 
abuse alcohol, GGT is considered to be the most sensitive biomarker of alco- 
hol consumption. GGT is found not only in the liver but also in the spleen, 
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Table 5.3 Sensitivity and Specificity of Liver Enzymes Used as Alcohol 
Biomarkers’? 


Liver Enzyme Sensitivity (%) Specificity (%) Cutoff (U/L) 


ALT 32 92 35 
AST 68 80 35 
GGT 64 72 30 





“These values are based on Arndt et al. [20]. However, other authors have reported low sensitivity for 
both ALT and AST, with sensitivity of ALT between 18 and 58% and that of AST between 15 and 69%. 
Sensitivity of GGT between 34 and 80% and specificity between 11 and 95% have also been reported. 





kidney, pancreas, biliary tree, heart, brain, and seminal vesicles, but only liver 
GGT is detectable in the serum. In general, GGT has higher sensitivity and 
specificity than ALT and AST as an alcohol biomarker [19]. The sensitivity 
and specificity of various liver enzymes as alcohol biomarkers are summa- 
rized in Table 5.3. 


Serum GGT levels are widely used as an alcohol biomarker because the test is 
a part of routine chemistry analysis performed in most clinical laboratories. 
Moreover, the test is also inexpensive. In general, GGT activity is higher in 
men than in women. Interestingly, GGT activity is also higher in postmeno- 
pausal women than in premenopausal women, and GGT activity also tends to 
be higher in women who take oral contraceptives [21]. Drinking intensity 
(heavy binge drinking) affects GGT levels more than does drinking frequency. 
It is assumed that GGT is a marker for heavy alcohol consumption. The 
half-life of GGT is 14—26 days. However, in alcoholic patients with decom- 
pensated cirrhosis, the half-life of GGT may vary between 11 and 54 days. 
In general, with abstinence, GGT levels return to normal after 4 or 5 weeks. 
Various characteristics of GGT as an alcohol biomarker are summarized in Box 
5.2. It is generally assumed that if GGT is used along with carbohydrate- 
deficient transferrin, another alcohol biomarker, better specificity can be 
obtained (see Chapter 6). 


A single dose of alcohol has no effect on serum GGT. Repeated doses of 
approximately 40—50 g of alcohol on successive days may produce a small 
increase in GGT level in serum. In eight male volunteers, consumption of 
63 g of alcohol per day for 5 weeks produced a significant increase in the 
GGT level from a mean baseline of 27 to 52 U/L. However, consumption of 
40 g or less alcohol per day for 4—6 weeks may not produce any significant 
elevation in GGT. It is generally assumed that GGT levels increase signifi- 
cantly after alcohol intake of 80—200 g per day (five or more standard drinks 
per day) for several weeks (5 or 6 weeks). Therefore, GGT should be consid- 
ered a state marker of heavy alcohol consumption. 
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BOX 5.2 CHARACTERISTICS OF GGT AS ALCOHOL 
BIOMARKER 


GGT is a state biomarker of heavy Coffee consumption may lower GGT 
alcohol consumption. levels in individuals who consume 
The proposed cutoff concentration alcohol. 

varies, but it is usually 30—80 U/L; Half-life is 14—26 days. 

sensitivity and specificity vary with cutoff GGT levels return to normal after 
levels. abstinence for 4 or 5 weeks. 

More drinks per week may be necessary GGT along with carbohydrate-deficient 
for males for elevation in GGT levels transferrin has better specificity as an 
than for females. alcohol biomarker. 

Younger people (<40 years of age} may 

need to consume more drinks for 

elevated GGT. 





Various cutoffs for GGT concentrations have been proposed for its use as an 
alcohol biomarker. Hastedt et al. observed that the mean GGT concentration 
in nondrinkers was 22 U/L, whereas the mean GGT value in alcoholics was 
209 U/L. Using the receiver operating curve approach, the authors stated that 
at a GGT cutoff value of 41 U/L, 83.3% sensitivity and 92.3% specificity can 
be achieved for GGT as an alcohol biomarker. Interestingly, specificity for 
ALT and AST as alcohol biomarkers is considered low, but the authors 
observed 46.3% sensitivity and 91% specificity for ALT at a cutoff concentra- 
tion of 53 U/L. For AST at a cutoff concentration of 42.5 U/L, sensitivity and 
specificity were 61.1 and 91.0%, respectively. As expected, GGT had higher 
sensitivity and specificity compared to ALT and AST [22]. Iffland found that 
a GGT value of 70 U/L or greater was indicative of long-standing abuse of 
alcohol [23]. In a study of 6962 subjects (3974 males and 2988 females), 
Sillanaukee et al. reported that for males, mean GGT concentration was 
37.6 U/L in nondrinkers, 39.9 U/L (1-105 g of alcohol/week) in light drin- 
kers, 51.4 U/L (106—280 g of alcohol/week) in moderate drinkers, and 
71.5 U/L (280—420g of alcohol/week) in heavy drinkers. However, for 
females, mean GGT level was 24.1 U/L, 24.2 U/L, 32.5 U/L, and 143.2 U/L 
respectively. The authors further reported that males who consumed more 
than 420 g of alcohol per week showed a mean GGT level of 172.8 U/L. No 
women in the study drank that heavily [24]. 


Alatalo et al. reported that the average GGT level in men who were heavy 
drinkers was 193 U/L, and 119 U/L in women who were heavy drinkers. In 
moderate drinkers, average GGT was 34 U/L in men and 23 U/L in women. 
In abstainers, average GGT was 26 U/L in men and 22 U/L in women. In 
addition, in men who were heavy drinkers, mean AST and ALT levels were 
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65 and 71 U/L, respectively. In moderate drinkers, AST and ALT levels were 
26 and 29 U/L, respectively. In nondrinking men, AST and ALT levels were 
25 and 26 U/L, respectively, indicating that drinking may also be associated 
with elevated AST and ALT levels. In women who were heavy drinkers, corre- 
sponding AST and ALT levels were 55 and 51 U/L, respectively. In women 
who were moderate drinkers, corresponding AST and ALT levels were 21 and 
20 U/L, respectively. In women who were nondrinkers, corresponding AST 
and ALT levels were 23 and 21 U/L, respectively. These data also indicated 
that alcohol consumption affects GGT levels more significantly than AST and 
ALT levels [25]. Tynjala et al. studied the relationship between alcohol con- 
sumption, age, and gender with serum GGT levels and observed that in men 
older than 40 years, regular consumption of 8 standard drinks or more 
resulted in significant increases in serum GGT, whereas for men younger 
than 40 years, 14 or more standard drinks per week might be needed for 
such increases in serum GGT. For women older than 40 years, 4 or more 
standard drinks per week might be needed for significant elevations in serum 
GGT level, and such threshold was 7 standard drinks for women younger 
than 40 years [26]. 


Nemesanszky et al. reported that after 4 weeks of abstinence, serum GGT 
levels in drinkers (daily alcohol intake of 60—80 g) declined from a mean 
initial value of 86 U/L to 33 U/L [27]. Coffee consumption has been linked 
to decreased serum level of GGT. In a study of 18,899 individuals (8807 
men and 10,092 women) with a mean age of 48 years (range, 25—74 years), 
Danielsson et al. observed that in men, elevation of GGT by heavy drinking 
( > 280 g of alcohol per week or 20 standard drinks or more) was signifi- 
cantly reduced by coffee consumption exceeding four cups per day. As 
expected, highest GGT levels in both men and women were observed in 
heavy drinkers who did not consume any coffee [28]. 


In the healthy population, the epidemiological association of alcohol intake 
with GGT level is at least partly explained by genetic pleiotropy. In a study of 


CASE REPORT 5.2 


A 39-year-old white female with a history of chronic alcohol A, B, and C. Her liver biopsy showed histological features of 
ingestion (she had consumed 6—12 beers daily for many alcoholic foamy degeneration. The patient significantly 
years) was seen in the clinic. Her serum GGT level was reduced her intake of alcohol. After 116 days, her GGT level 
markedly elevated to 3952 U/L. Her other biochemical tests was significantly reduced to 486 U/L. Her total bilirubin was 
included the following: AST, 380 U/L; ALT, 144 U/L; total bili- reduced to 1.6 mg/dL, and her direct bilirubin was reduced to 
rubin, 5.7 mg/dL; direct bilirubin, 2.9 mg/dL; and prothrombin 0.3 mg/dL, indicating reversibility of biochemical abnormality 
time, 12 sec. Her serological tests were negative for hepatitis in alcoholic foamy degeneration [29]. 
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6465 subjects, Van Beek et al. observed that in men, 7.2% variance in GGT 
levels could be explained by genetic effect, and in women 4.4% variance 
could be explained by genetic effect. In comparison, environmental factors 
underlying alcohol intake explained only 2% of variance in GGT levels in 
males and only 1% in females [30]. 


5.4.1 Elevated GGT in Various Diseases and as a Risk 
Factor for Mortality and Certain Illnesses 


As expected, alcoholic liver diseases are also associated with increased GGT 
levels. Selinger et al. reported that the mean serum GGT level in normal indivi- 
duals was 32 U/L and that in patients with fatty liver not due to alcohol it was 
43 U/L, but in patients with alcoholic liver disease, the mean GGT level was 
significantly elevated to 216 U/L. As expected, mean serum GGT level was ele- 
vated to 274 U/L in patients with biliary cirrhosis, 107 U/L in patients with 
chronic active hepatitis including postnecrotic cirrhosis, and 56 U/L in 
patients with persistent hepatitis [31]. The AST/ALT ratio can provide impor- 
tant diagnostic clues. The normal AST/ALT ratio is approximately 0.8. An AST/ 
ALT ratio of 2.0 or higher or ALT level exceeding 300 U/L may be indicative of 
alcoholic liver disease. However, the AST/ALT ratio is usually 1.0 or less in 
nonalcoholic fatty liver disease. Patients with a history of alcohol abuse but 
no significant alcoholic hepatitis or cirrhosis of the liver usually have an AST/ 
ALT ratio less than 1.0. However, in patients with viral hepatitis, an AST/ALT 
ratio greater than 1.0 may be indicative of underlying cirrhosis with a high 
specificity (94—100%) but low sensitivity (44-75%) [32]. Patients with 
Wilson's disease can show an AST/ALT ratio greater than 4.0 [33]. 


Elevated GGT concentration may be associated with a higher risk of coronary 
heart disease, type 2 diabetes, and stroke. In addition, individuals with ele- 
vated GGT concentration may experience higher mortality partly due to the 
association between elevated GGT concentration and higher risk of develop- 
ing certain illnesses and partly because GGT is an independent predictor of 
mortality [34]. Research has indicated that GGT may have direct involvement 
in atherosclerotic plaque formation, suggesting a role of GGT in the patho- 
genesis of cardiovascular disease. Prospective studies have also shown GGT 
to be associated with the development of hypertension, metabolic syndrome, 
and also type 2 diabetes, which are risk factors for cardiovascular disease. 
Risk of stroke also increases with increasing GGT [35]. Ruhl and Everhart 
defined an elevated GGT level as greater than 51 U/L in men and greater 
than 33 U/L in women. For ALT, an elevated level in men was greater than 
30 U/L and in women, 19 U/L. Using multivariant-adjusted analyses, the 
authors showed that in the U.S. population, elevated GGT was associated 
with mortality from all causes, liver disease, cancer, and diabetes, whereas 
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elevated ALT was associated with only liver disease mortality [36]. Koehler 
et al. observed that GGT was associated with increased mortality from cardio- 
vascular diseases; ALP and AST were associated with cancer-related mortality. 
Participants with GGT and ALP levels in the top 5% had the highest risk for 
all-cause mortality [37]. Matsha et al. reported that GGT levels were indepen- 
dently associated with insulin sensitivity and metabolic syndrome in a 
middle-aged African population [38]. 


Although the mechanism underlying the association between GGT level and 
metabolic syndrome is not fully understood, GGT has a central role in glutathi- 
one homeostatics by initiating the breakdown of extracellular glutathione and 
turnover of vascular glutathione. Because glutathione is an antioxidant protect- 
ing cells from oxidative stress, increases in GGT may reflect increased oxidative 
stress. The role of oxidative stress in metabolic syndrome has been speculated 
on. Bradley et al. concluded that GGT is strongly associated with both cardiovas- 
cular and metabolic risk factors, including prevalent metabolic disease [39]. 
Targher reviewed the association between high normal serum GGT levels 
(mostly within the reference range) and risk of mortality and major vascular 
(i.e. cardiovascular morbidity and mortality) and nonvascular outcomes (i.e., 
the incidence of type 2 diabetes, chronic kidney disease, and cancer). These risks 
are independent of alcohol consumption and other prognostic factors [40]. 


Abnormal GGT expression is found in several human tumors, including breast 
cancer, ovarian cancer, and cervical cancer. In addition, a possible role of GGT 
in tumor progression, invasion, drug resistance, and prognosis has been sug- 
gested. Thus, studies have shown an association between elevated GGT levels 
and increased risk of developing cancer. In patients with cervical cancer, elevated 
GGT levels may be associated with poor prognosis. In one study, the authors 
reported that mean GGT level was 29.9 U/L in stage I endometrial cancer, 
31.0 U/L in stage II, 33.7 U/L in stage II, and 38.2 U/L in stage IV [41]. Edlinger 
et al. reported that elevated levels of GGT were associated with poor survival 
among endometrial cancer patients [42]. In a cohort of 545,460 people, Van 
Hemelrijck et al. observed a positive association between categories of GGT 
(<18, 18—36, 36—72, and >72 U/L) and overall cancer risk, with a hazard 
regression of 1.07 for the second category (GGT 18—36 U/L), 1.18 for the third 
category (GGT 36—72 U/L), and 1.32 for the fourth category (GGT >72 U/L) 
compared to the first category (GGT <18 U/L). The strength of the association 
may vary by glucose levels because hyperglycemia can induce oxidative stress, 
thus initiating damaging pathways of carcinogens [43]. 


Interestingly, construction workers may have elevated GGT and AST levels. In 
a study of 8043 male construction workers aged 25—64 years, the authors 
found elevated GGT (>28 U/L) in 32% of individuals, elevated ALT 
(>22 U/L) in 22%, and elevated AST levels (>18 U/L) in 12%. Factors most 
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BOX 5.3 ELEVATED GGT AND RISK OF CERTAIN DISEASES 
ASSOCIATED WITH ELEVATED GGT 


Cardiovascular diseases Chronic kidney disease 
Hypertension Stroke 

Metabolic syndrome Cancer 

Type 2 diabetes Increased mortality 





strongly related to elevated levels of liver enzymes were self-reported alcohol 
consumption, diabetes, and hypertension. BMI was also strongly correlated 
with elevated GGT and ALT levels but not AST levels. Elevated levels of GGT 
and AST were strongly related to early retirement and all-cause mortality. 
Men with AST levels exceeding 18 U/L had a twofold risk of early retirement 
and three times higher risk of all-cause mortality compared to men with AST 
levels lower than 18 U/L [44]. Higher risk factors for certain diseases associ- 
ated with elevated GGT levels are summarized in Box 5.3. 


An increase in serum GGT activity may be due to induction of GGT not only by 
alcohol but also by several drugs. Increased levels of GGT in patients receiving 
classical anticonvulsants such as phenytoin and phenobarbital have been well 
reported in the literature. Carbamazepine and possibly valproate may have sim- 
ilar effects. Other drugs, such as barbiturates, certain benzodiazepines, tricyclic 
antidepressants, warfarin, and nonsteroidal anti-inflammatory drugs, may have 
similar effects. Statins in general may cause elevated liver enzymes in certain 
patients [34]. Clofibrate and oral contraceptives can decrease GGT levels. Drugs 
that may affect GGT levels are summarized in Box 5.4. 


5.4.2 GGT Fraction as Alcohol Biomarker 


Using molecular size exclusion chromatography followed by post-column 
GGT-specific reactions, four plasma GGT fractions can be isolated and quan- 
tified. These fractions are termed big GGT (b-GGT; molecular weight, 
2000 kDa), medium GGT (m-GGT; molecular weight, 1000 kDa), small GGT 
(s-GGT; molecular weight, 250 kDa), and free GGT (f-GGT; molecular 
weight, 70 KDa). In general, f-GGT is the major fraction in the serum. For 
example, median total GGT in 100 males was 25.3 U/L, where f-GGT com- 
prised 13.2 and b-GGT, m-GGT, and s-GGT comprised 2.4, 1.0, and 9.2, 
respectively. Median total GGT in 100 females was 14.4 U/L, where f-GGT 
comprised 8.9 and b-GGT, m-GGT, and s-GGT comprised 1.1, 0.5, and 3.9, 
respectively [45]. Franzini et al. reported that total GGT elevation in alco- 
holics was associated with a significant increase in s-GGT fraction and smal- 
ler increases in the other three fractions. In 27 control subjects (mean 
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BOX 5.4 DRUGS THAT MAY AFFECT GGT LEVELS 


Increased GGT Level Monoamine oxidase inhibitors 
Phenytoin Tricyclic antidepressants 
Phenobarbital Thiazide diuretics 
Carbamazepine (possibly) Anabolic steroids 
Barbiturates Warfarin 
Certain benzodiazepines 
Phenazone Decreased GGT Levels 
Propoxyphene Clofibrate 

onsteroidal anti-inflammatory drugs Oral contraceptives 








alcohol consumption, <20 g/day), median total GGT was 23.9 U/L; b-GGT, 
m-GGT, s-GGT, and f-GGT fractions were 2.4, 1.0, 7.3, and 13.7, respectively. 
In 24 subjects who were nondrinkers, total GGT was 37.5 U/L; b-GGT, 
m-GGT, s-GGT, and f-GGT fractions were 2.8, 2.1, 15.3, and 14.4, respec- 
tively. In 27 alcoholics (median alcohol consumption, 209 g/day), total GGT 
was elevated to 133.3 U/L; b-GGT, m-GGT, s-GGT, and f-GGT fractions were 
7.5, 5.2, 95.7, and 22.7, respectively. These data indicated that in alcoholics, 
there was a very significant increase in s-GGT. Moreover, the b-GGT/s-GGT 
ratio was higher in abstainers than in alcoholics. The authors concluded that 
analysis of GGT fraction pattern may improve specificity of GGT as an alco- 
hol biomarker [46]. However, in nonalcoholic fatty liver disease, b-GGT 
increased significantly, showing the highest diagnostic accuracy. In chronic 
hepatitis, total GGT along with m-, s-, and f-GGT fractions showed signifi- 
cant increases, but b-GGT did not show any characteristic increase [47]. 


5.5 LABORATORY DETERMINATIONS OF LIVER 
ENZYMES 


GGT assays are usually based on the use of 1-y-glutamyl-p-nitroanilide as 
the donor substrate and glycylglycine as the glutamyl acceptor. The para- 
nitroaniline produced in the reaction can be determined colorimetrically at 
405 nm. However, 1-)-glutamyl-p-nitroanilide has limited solubility, and 
the International Federation of Clinical Chemistry recommends use of 
L-)-glutamyl-3-carboxy-4-nitroanilide as the substrate. GGT catalyzes trans- 
fer of the glutamyl moiety from the substrate to glycylglycine, thereby 
releasing 5-amino-2-nitrobenzoate, which also absorbs at 405 nm. In GGT 
assay for application on the Vista 1500 analyzer (Siemens Diagnostics, 
Deerfield, IL), the rate of this reaction is measured at two different wave- 
lengths (405 and 600 nm). The activity of GGT is expressed as units per 
liter. 
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AST assay is usually based on the principle that AST catalyzes the transamina- 
tion from -aspartate to a-ketoglutarate, forming -glutamate and oxaloace- 
tate. The oxaloacetate formed is then reduced by malate dehydrogenase and, 
in this reaction, simultaneous oxidation of reduced NADH. The change of 
absorption at 340 nm due to conversion of NADH (absorbs at 340 nm) to 
NAD (no absorption at 340 nm) is measured and is proportional to the 
activity of AST. Again, AST level in serum or plasma is expressed as units per 
liter. ALT catalyzes the transamination from t-alanine to a-ketoglutarate, also 
forming pyruvate and 1-glutamate. The pyruvate formed is reduced to lactate 
by lactate dehydrogenase, and in this process reduced NADH is converted to 
NAD. The change of absorption at 340 nm is proportional to ALT activity, 
which is expressed as units per liter. 


5.6 CONCLUSIONS 


GGT is a liver enzyme that has long been used as a state marker of heavy 
alcohol use and is a superior biomarker compared to liver enzymes AST and 
ALT. Mitochondrial isoenzyme of AST (mAST) has been explored as a poten- 
tial alcohol biomarker; in one study, the authors observed increased mAST 
levels in 92% of alcoholics, but mAST was increased in 48% of patients with 
nonalcoholic liver diseases. Although the mAST/total AST ratio differentiated 
alcoholic subjects from patients with nonalcoholic liver diseases with a sensi- 
tivity of 92%, the specificity was only 70%. The authors concluded that 
desialylated transferrin/total transferrin ratio was a superior alcohol bio- 
marker (see Chapter 6) [48]. 


Although GGT is widely used as an alcohol biomarker, it is not a specific bio- 
marker because the GGT value can be increased in various liver diseases, 
including nonalcoholic fatty liver disease. Moreover, the higher end of the ref- 
erence range of GGT in an individual may also indicate a higher risk of that 
person for various illnesses, including hypertension, type 2 diabetes, and car- 
diovascular disease, and also an increased risk for all-cause mortality. Because 
the GGT test can be easily performed in a clinical laboratory and is inexpen- 
sive, GGT is still used as an alcohol biomarker. However, its specificity as an 
alcohol biomarker can be improved if the GGT value is considered along with 
other more specific alcohol biomarkers, such as carbohydrate-deficient 
transferrin. 
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CHAPTER 6 


Mean Corpuscular Volume 


and Carbohydrate-Deficient Transferrin 


as Alcohol Biomarkers 


6.1 INTRODUCTION 


Alcohol and its metabolites have toxic effects on erythrocytes. Excessive alcohol 
consumption is known to increase mean corpuscular volume (MCV) by a path- 
ogenic process known as macrocytosis. Transferrin is found in blood in several 
different molecular forms that differ in their number of carbohydrate groups 
(sialic acid and other carbohydrate residues) and that carry different electrical 
charges. The major form of transferrin is tetrasialotransferrin, which has four 
sialic acid (carbohydrate) moieties attached to the molecule and represents 
approximately 80% of all transferrin molecules in a healthy individual. Other 
transferrin molecules found in blood may have more (five to eight sialic acid 
moieties) or less (up to three sialic acid moieties) carbohydrates. Acetaldehyde 
formed during alcohol metabolism is known to interfere with the incorporation 
of the sialic acid moiety to transferrin, resulting in the formation of transferrin 
molecules with zero, one, or two sialic acid moieties attached to the final mole- 
cules (carbohydrate-deficient transferrin (CDT)). In this chapter, the usefulness 
and limitations of MCV and CDT as alcohol biomarkers are addressed. 


6.2 MEAN CORPUSCULAR VOLUME AS ALCOHOL 
BIOMARKER 


Mean corpuscular volume or mean cell volume of erythrocytes (MCV) is cal- 
culated by dividing the hematocrit by the total number of erythrocytes (red 
blood cell (RBC) count). 


Hematocrit (%) 


MCV = RBC count (millions/uL) 
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CHAPTER 6: 


Mean Corpuscular Volume and Carbohydrate-Deficient Transferrin 


MCV is printed in the report generated during complete blood count. The 
normal range is 82—95 fL. One of the most common causes of abnormal 
MCV is anemia. If MCV is below the normal range, then the anemia is con- 
sidered as microcytic anemia, whereas if MCV is above the normal range, it 
is called macrocytic anemia. Anemia may also be present even if MCV is 
within the normal range (normocytic anemia). It may occur in an acute con- 
dition such as blood loss. MCV is also used as an alcohol biomarker because 
it increases in subjects with alcohol abuse (macrocytosis). As early as 1978, 
Whitehead et al. showed that consumption of 60g (approximately four 
drinks) of alcohol daily increased MCV above the reference range in most 
individuals, with the highest MCV being 104 fL (range, 84—104 fL). The range 
of MCV was 84—100 fL for individuals who consumed up to three drinks 
daily and 84—98 fL for individuals who consumed only one drink daily [1]. 
With abstinence, MCV returns to normal values within 2—4 months. 


Macrocytosis is usually defined as an MCV value greater than 100 fL, and 
alcohol dependence is one of the causes of macrocytosis other than anemia. 
In one study, the authors observed that approximately 3% of the general 
population had MCV values greater than 100 fL [2]. However, theoretically 
macrocytosis may be considered at an MCV value greater than 95 fL. In con- 
trast, Rumsey et al. reported that 7% of the population they studied had an 
MCV greater than 96 fL, and approximately 1.7% had an MCV greater than 
100 fL [3]. In another study, the authors observed that 138 of 3805 adult 
outpatients (3.7%) had an elevated MCV of greater than 98.5 fL (normal, 
82—95 fL). The authors further evaluated 73 of these patients with a mean 
an MCV of 102.5 fL (another 55 patients were not evaluated further). Of 
these 73 patients, alcoholism was the cause of the elevated MCV in 47 
patients [4]. Morgan et al. defined macrocytosis as an MCV value greater than 
95 fL and studied 303 alcoholics with liver disease, 60 nonalcoholics with 
liver disease, and 35 control subjects. The authors observed that 70.3% of 
subjects with alcoholic liver disease showed macrocytosis, but macrocytosis 
was also found in 23.3% of subjects with nonalcoholic liver disease. An 
MCV value greater than 100 fL was observed in 49.5% of subjects with alco- 
holic liver disease but only in 3.3 subjects with nonalcoholic liver disease. 
Macrocytosis was more common in female alcoholics (86.3%) than in male 
alcoholics (63.0%). The authors concluded that an MCV greater than 100 fL 
in patients with liver disease is indicative of alcohol-related liver disease [5]. 
Koivisto et al. reported that an MCV up to 98 fL was observed in moderate 
drinkers (1—40 g alcohol per day); the reference interval of MCV calculated 
from mean and two standard deviations (mean + 2SD) in these individuals 
was 82—98 fL, whereas the reference range calculated for abstainers was 
82—96 fL. Use of 96 fL as the cutoff between alcoholics and nonalcoholics 
yielded a sensitivity of 44%, specificity of 98%, a positive predictive value of 
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96%, and a negative predictive value of 58% [6]. In general, MCV is less than 
110 fL in chronic alcohol abusers |7]. However, in megaloblastic anemia, 
MCV can be greater than 110 fL, sometimes reaching 130 fL or higher. 


6.2.1 Mechanism of Increased MCV in Alcoholics 


The mechanism of increased MCV is probably related to hematotoxicity of 
both alcohol and its metabolite, acetaldehyde. Alcohol can permeate the cell 
membrane and alter lipid structures of the membrane. In addition, alcohol 
can alter erythrocyte metabolism, thus altering its stability [8]. Acetaldehyde, 
which is formed during alcohol metabolism by enzymatic reaction involving 
the alcohol dehydrogenase enzyme and nicotinamide adenine dinucleotide as 
a cofactor, is highly reactive and can form stable adducts with proteins and 
other constituents of the cell membrane. As a result, erythrocyte membrane 
structure may become more susceptible to damage such as hemolysis, thus 
shortening its half-life [9]. Patients who abuse alcohol and demonstrate mac- 
rocytosis often show the presence of circulating antibodies that recognize 
acetaldehyde-modified epitopes of protein, indicating that the acetaldehyde— 
protein adduct may play an important role in erythrocyte abnormalities seen 
in alcohol-dependent patients [6]. Studies of male Japanese alcoholics showed 
that patients with inactive aldehyde dehydrogenase 2 (ALDH-2) enzyme due 
to the presence of the ALDH2*1/2*2 genotype had higher MCV than patients 
with normal ALDH-2 enzyme activity. ALDH-2 is a key enzyme involved in 
the removal of the toxic acetaldehyde metabolite of alcohol. Therefore, 
patients with inactive ALDH-2 enzyme may have a higher acetaldehyde con- 
centration, thus further indicating the role of acetaldehyde in increasing MCV. 
In addition, MCV of 106 fL or greater indicates a high risk of esophageal squa- 
mous cell carcinoma in Japanese alcoholic men [10]. Another study showed 
that in Japanese men with MCV greater than 99 fL but no flushing experience 
after alcohol use, the risk of esophageal cancer was 2.5 times greater compared 
to that for Japanese men with an MCV of less than 93 fL [11]. 


6.2.2 Other Causes of Macrocytosis 


In addition to alcohol abuse, macrocytosis is observed in megaloblastic ane- 
mia, commonly caused by vitamin B,, and folate deficiency. Vitamin B43 defi- 
ciency alone may not cause megaloblastic anemia. In megaloblastic anemia, 
erythrogenic precursors are larger than mature red blood cells because folate 
and vitamin B, deficiencies result in defective RNA and DNA synthesis. 
A nonmegaloblastic process leads to round macrocytes or macroreticulocytes. 
Although increased MCV due to alcohol abuse is a nonmegaloblastic process, 
individuals who chronically abuse alcohol may be deficient in vitamin B12 
and folate [12]. Hypothyroidism and other diseases may also cause 
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BOX 6.1 CAUSES OF MACROCYTOSIS (INCREASED MCV) 
OTHER THAN ALCOHOL ABUSE 


Vitamin B12 and folate deficiency Bone marrow dysplasia 
Hypothyroidism Acute leukemia 
Nonalcoholic liver disease Aplastic anemia 
Reticulocytosis Anorexia nervosa 
Monoclonal gammopathy Medications 


Table 6.1 Common Medications That May Cause Macrocytosis 


Drug Class Individual Drugs 


Antiretrovirals Zidovudine, stavudine 

Anticancer agents Hydroxyurea, methotrexate, 5-fluorouracil, cyclophosphamide, 
azathioprine, mercaptopurine, cytosine arabinoside 

Antibiotics Bactrim (sulfamethoxazole and trimethoprim) 

Anticonvulsants Phenytoin, primidone, valproic acid 

Anti-inflammatory Sulfasalazine 

Hypoglycemic agent Metformin 





macrocytosis. Keenan commented that macrocytosis defined by an MCV 
greater than 100 fL should be considered as an indicator of human disease. In 
Keenan’s study, alcoholism was the main cause of macrocytosis. Anorexia ner- 
vosa may also cause macrocytosis [13]. Macrocytosis can be a manifestation of 
monoclonal gammopathy [14]. Unexplained macrocytosis may not be a 
benign finding and requires close follow-up because patients may develop 
worsening cytopenia or ultimately may be diagnosed with primary hemato- 
logical malignancy [15]. Conditions that may cause macrocytosis other than 
alcohol abuse are summarized in Box 6.1. Various drugs may also cause 
increased MCV [16]. Common medications that may cause macrocytosis are 
listed in Table 6.1. 


6.3 CARBOHYDRATE-DEFICIENT TRANSFERRIN 


Transferrin, a glycoprotein responsible for iron transport, is synthesized in 
hepatocytes and secreted into the blood. Transferrin has a molecular weight of 
79,570 Da [17]. The transferrin molecule consists of a polypeptide chain of 
679 amino acids and is divided into two domains, the N-terminal domain 
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(amino acids 1—336) and the C-terminal domain (amino acids 337—679). 
Carbohydrate moieties are present in the C-terminal domain at positions 413 
and 611, representing two glycosylation sites for transferrin. Glycosylation is a 
post-translational modification of protein by enzymatic addition of oligosac- 
charide chains (N-glycans) to the structure. Sialic acid is the terminal carbohy- 
drate moiety in the transferrin molecule, giving the molecule a negative 
charge. Other carbohydrates present as part of the N-glycan structure in the 
transferrin molecule include galactose, mannose, and N-acetylglucosamine. 
The transferrin molecule has two binding sites of iron and is considered the 
most important transport protein for ferric ion (Fe**) [18]. The human trans- 
ferrin molecule also shows genetic polymorphism with at least 38 known dif- 
ferent transferrin variants. These variants are due to substitution of amino acid 
in the polypeptide chain. However, transferrin C is the most common pheno- 
type. Allelic B and D variants with a different primary structure occur in low 
frequencies in various populations [19]. Transferrin exists in various isoforms 
that are named depending on the number of terminal sialic acid residues on 
N-glycans. The major isoform contains four sialic acid residues and is called 
tetrasialotransferrin. This isoform represents 64—80% of total transferrin 
molecules in the serum [20]. Other isoforms detected in serum of healthy peo- 
ple are pentasialotransferrin (12—18%), hexasialotransferrin (1—3%), heptasia- 
lotransferrin (<1.5%), and octasialotransferrin (nondetectable or trace), which 
contain more sialic acids than does tetrasialotransferrin. In addition, isoforms 
of transferrin containing fewer sialic acids than does the major isoform are also 
detected in serum of healthy subjects. These isoforms include disialotransferrin 
(<2.5%) and trisialotransferrin (4.5—9%). Asialo and monosialotransferrin are 
usually not detectable or represent less than 0.5% of total transferrin in healthy 
subjects [21]. 


CDT is the collective name for a group of minor isoforms of human transfer- 
rin with a low degree of glycosylation. These minor isoforms include asialo, 
monosialo, and disialotransferrin. In 1976, Stibler and Kjellin used the elec- 
trophoresis technique to show increased concentrations of these isoforms in 
cerebrospinal fluid and serum of alcoholics [22]. Since then, other studies 
have documented elevated levels of these isoforms in serum of individuals 
who abuse alcohol. In general, heavy alcohol consumption (50—80 g/day) 
for a period of at least 1 week leads to increased concentrations of CDT in 
serum; after abstinence, CDT returns to normal levels with a half-life of 
14 days. In common practice, the ratio of CDT to total transferrin is deter- 
mined and is expressed as a percentage (Y%CDT). However, the absolute level 
of CDT may also be used as an alcohol biomarker. In 2001, CDT was the 
first test to receive approval by the U.S. Food and Drug Administration 
(FDA) as an alcohol biomarker for use in the U.S. health care system. The 
CDT test had been used by insurance companies since 1995 to screen 
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individuals who might abuse alcohol. CDT is widely used in European coun- 
tries to monitor abstinence and identify patients with high-risk drinking 
behavior in surgical as well as medical settings [21]. 


6.3.1 Mechanism of Formation of CDT 


The mechanism of increased CDT in serum of alcoholics is still under investi- 
gation. However, one possible mechanism is that ethanol intake decreases 
activities of enzymes responsible for incorporation of sialic acid in transferrin 
molecules. Enzymes such as sialyltransferase, galactosyltransferase, and 
N-acetylglucosamine transferase, found mostly in the hepatic Golgi com- 
plexes, are responsible for addition of sialic acid and other carbohydrate 
molecules to the transferrin molecule as part of post-translational glycosyla- 
tion. Activities of these enzymes are inhibited by ethanol and/or its metabo- 
lite, acetaldehyde, thus interfering with the incorporation of sialic acid 
moieties to transferrin molecules. In addition, alcohol consumption may 
increase the activity of enzymes such as sialidase, which removes the carbo- 
hydrate moiety from the transferrin molecule. Animal experiments have 
found that chronic ethanol-treated rats show marked inhibition of liver sia- 
lyltransferase, which is responsible for incorporation of sialic acid into the 
transferrin molecule. In contrast, hepatic plasma membrane sialidase activity 
is increased. Acetaldehyde derived from ethanol may also play a role in inhi- 
biting sialyltransferase activity [23]. 


6.3.2 Cutoff Values, Sensitivity, and Specificity of CDT 


In general, concentrations of CDT are higher in women than in men. This 
may be due to the fact that women may have subclinical iron deficiency 
that may cause an elevated transferrin level, although the exact mechanism 
of such difference is not fully understood. However, the serum CDT to total 
transferrin ratio is not gender dependent [24]. Both the level of CDT and 
the amount of CDT expressed as a percentage of total transferrin (Y%CDT) 
have been used as alcohol biomarkers; however, if the absolute value of 
CDT is used, there is a gender difference in the reference range. Malcom 
et al. used a serum CDT cutoff of 17 U/L for males and 25 U/L for females 
to evaluate the usefulness of CDT as an index of heavy alcohol use during 
postmortem examination. Fifteen of 17 cases with evidence of alcohol 
abuse (as evidenced by microscopic alcoholic fatty changes in the liver, cir- 
thosis, or a clinical report that the subject abused alcohol) showed CDT 
levels above the cutoff values, giving CDT assay a sensitivity of 88%. Eight 
cases had no evidence of alcohol abuse, but 3 cases showed CDT levels 
above the cutoff, giving the CDT test a specificity of 63%. The authors con- 
cluded that elevated CDT levels appeared to indicate antemortem alcohol 
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abuse [25]. Sorvajarvi et al. defined the normal range of CDT as up to 
20U/L for men and up to 26U/L for women and commented that 
although earlier studies reported sensitivity of CDT 90% and higher and 
specificity of 90—100% as alcohol biomarkers, other investigators found 
sensitivity of only 20—45% in heavy drinkers. The authors compared CDT 
as well as %CDT values in alcohol-dependent patients, heavy drinkers, and 
controls and found that sensitivity of CDT was 49% in heavy drinkers but 
higher (90%) in alcohol-dependent patients. The mean CDT in control 
men was 14.5 U/L, whereas in control females it was 21.3 U/L. In contrast, 
the mean CDT was 34.6 and 39.2 U/L in alcohol-dependent male and 
female patients, respectively. In heavy drinkers, mean CDT was 26.2 U/L in 
males and 28.6 U/L in females. Similar trends were also observed in the % 
CDT index. In alcohol-dependent males and females, mean %CDT was 3.9 
and 2.4%, respectively. In contrast, mean %CDT was only 0.1% in both 
control males and females. The authors concluded that CDT assay has high- 
er sensitivity than %CDT. In addition, the absolute CDT result should be 
interpreted with caution in patients with increased transferrin levels, such 
as anemic patients, those who use oral contraceptives, and pregnant 
women. On the other hand, a low transferrin level associated with acute 
phase reaction could lead to false-negative results [26]. Therefore, %CDT, 
which is not gender specific, may have a slight advantage over absolute 
CDT levels as an alcohol biomarker, especially in situations in which 
abnormal amounts of transferrin may be present [27]. 


Various cutoff values have been proposed for %CDT to differentiate a heavy 
alcohol user from a moderate drinker or a nondrinker, and such cutoff levels 
are often method dependent and also depend on which transferrin isoforms 
are used to define CDT. In some methods, especially those based on high- 
performance liquid chromatography (HPLC) or electrophoresis, disialotrans- 
ferrin or a combination of asialo- and disialotransferrin may be used in the 
calculation of CDT. In immunoassay-based methods, a combination of asia- 
lo, monosialo, and disialotransferrin is used to calculate CDT, and then 
%CDT values are derived by dividing CDT by total transferrin value. 
Therefore, capillary electrophoresis and HPLC-based methods usually use a 
lower cutoff value than immunoassay-based methods. In general, cutoff 
values may range from 1.3 to 2.6% based on the method. In addition, signif- 
icantly different sensitivity and specificity of %CDT as an alcohol biomarker 
has been reported by different investigators. 


In a study of 396 women and 403 men, Fleming and Mundt reported that 
5.6% of these subjects (45 of 799) consumed more than 14 drinks per week. 
In addition, 2% of the cohort abused alcohol, and 3% were alcohol depen- 
dent. The authors used receiver operating curve characteristic to define the 
cutoff value to determine the best fit for subjects who consumed more than 
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90 drinks per month and concluded that 2.5% represented the best cutoff 
value. In general, median %CDT was 2.0 for abstainers, 2.1 for moderate 
drinkers, and 2.7 for heavy drinkers (90 or more drinks per week). The over- 
all sensitivity and specificity of the %CDT test were 61 and 85% respectively. 
However, sensitivity was only 40% in diabetic patients, and specificity was 
89%. In hypertensive patients, sensitivity and specificity were 58 and 87%, 
respectively. In general, %CDT as an alcohol biomarker has higher sensitivity 
in patients who are neither diabetic nor hypertensive [28]. Hock et al. pro- 
posed a significantly higher cutoff value of 3.0% for %CDT based on the 
95th percentile value of social drinkers [29]. Madhubala et al. compared sen- 
sitivity and specificity of %CDT with other alcohol biomarkers, including 
aspartate aminotransferase (AST), alanine aminotransferase (ALT), \-glutamyl 
transferase (GGT), and mean corpuscular volume (MCV), using 25 alcoholic 
subjects and 25 controls. The alcoholic subjects consumed 44.2 + 12.2 
drinks per week, whereas control subjects did not consume any alcohol. 
Using a cutoff value of 2.4%, the authors observed that %CDT had a sensitiv- 
ity of 84% and a specificity of 92%. The %CDT values were elevated in 92% 
of subjects who abused alcohol compared to only 72% of alcoholics who 
showed elevated levels of GGT [30]. Sensitivity and specificity of various 
alcohol biomarkers as stated by these authors are summarized in Table 6.2. 


Appenzeller et al. studied various cutoffs of %CDT, including 1.5 (recom- 
mend by the kit manufacturer), 2, 2.5, and 3.0%. They observed that at 3% 
cutoff, specificity greater than 95% can be achieved. In addition, almost all 
specimens with %CDT of approximately 3% showed the presence of asialo- 
transferrin. For drivers with blood alcohol less than 50 mg/dL, almost no 
specimens showed %CDT greater than 3%. In contrast, 47% of specimens 
with a blood alcohol content of between 300 and 350 mg/dL showed %CDT 
greater than 3%. Moreover, 67% of subjects with blood alcohol higher than 
350 mg/dL showed %CDT greater than 3%. Only 2.9% of drivers with blood 
alcohol below the legal limit (80 mg/dL) showed %CDT greater than 


Table 6.2 Sensitivity and Specificity of Various Alcohol Biomarkers 


Sensitivity Specificity 
Biomarker Cutoff (%) (%) 
% Carbohydrate-deficient transferrin (CDT) 2.4% | 92 
+-Glutamyl transferase (GGT) 30 U/L 64 72 
Mean corpuscular volume (MCV) 100 fL 48 52 
Alanine aminotransferase (ALT) 35 U/L 82 92 
Aspartate aminotransferase (AST) 35 U/L 68 80 


Source: Data from Arndt et al. [24]. 
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3% [31]. In another study that involved 40 drunk drivers and 51 controls, 
Bortolotti et al. observed statistically significant increases in %CDT in drunk 
drivers compared to controls using the Student t-test. The blood alcohol of 
drunk drivers varied from 1.00 to 4.21 g/L (average, 2.34 g/L (234 mg/dL)), 
whereas urine alcohol levels of control subjects were negative (blood alcohol 
level was not determined in control subjects). The %CDT in drunk drivers 
varied from 0.79 to 15.86%, with an average value of 3.88%. In contrast, 
%CDT in control subjects varied from 0.53 to 2.24%, with an average value 
of 1.38%. The authors used a %CDT cutoff of 2% in their laboratory. Using 
this criterion, 27 of 40 drunk drivers (67.5%) showed elevated %CDT. In 
contrast, only 2 of 51 control subjects (3.9%) showed %CDT greater than 
the 2% cutoff value. The authors concluded that %CDT can identify high 
prevalence of chronic alcohol abusers among drunken drivers [32]. In 
another study, the authors commented that the usual cut-off of immunone- 
phelometric assay for determination of %CDT should be reduced from the 
screening cutoff of 2.5%, as stated by the manufacturer, to 2.32% in order to 
achieve better sensitivity [33]. In a study involving 502 patients admitted 
consecutively in a medical department during a 4-week period, the authors 
determined that clinical sensitivity and specificity of CDT for detection 
of alcohol consumption of more than 50g per day were 69 and 92%, 
respectively [34]. 


6.3.3 CDT and GGT as Combined Alcohol Biomarker 


Combining GGT and CDT values to derive a new parameter mathematically 
may improve the sensitivity and specificity of this calculated parameter as an 
alcohol biomarker. The following mathematical formula is used to derive 
this parameter: 


GGT — CDT =[0.8 X In(GGT)] + [1.3 X In(CDT)] 


In this case, both GGT level and CDT level are expressed as units per liter. 
Sillanaukee and Olsson proposed a cutoff value of 6.5 using the 95th percen- 
tile of the data from the control group for this combined marker. In social 
drinkers, the mean value of GGT—CDT observed by the authors was 5.5 for 
both males and females. However, for male and female alcoholics, the 
GGT—CDT mean values were 7.5 and 7.2, respectively. For CDT values, male 
alcoholics showed a mean value of 27.9 U/L, and female alcoholics showed 
a mean value of 33.0 U/L. In contrast, in controls, the mean value observed 
in males was 16.2 U/L, and that observed in females was 12.7 U/L. The 
authors further reported that sensitivity and specificity of the GGT—CDT 
marker were 79 and 93%, respectively, which were superior to sensitivity of 
65% and specificity of 94% observed with CDT. The sensitivity and 
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specificity of GGT were 59 and 91%, respectively. The authors concluded 
that combined GGT—CDT is more sensitive and specific than CDT alone as 
an alcohol biomarker [35]. 


A similar approach can be adopted to calculate the GGT—%CDT parameter: 
GGT—%CDT = [0.8 X In(GGT)] + [1.3 X In(%CDT)] 


However, the cutoff level should be different from that of the GGT—CDT 
parameter. Based on receiver operator curve analysis, Anttila et al. estab- 
lished a cutoff value of 4.0 for GGT—%CDT. In a study involving 34 alco- 
holics with biopsy-proven liver disease, 31 alcoholics without liver disease, 
and 45 controls, GGT—%CDT mean values were 5.7, 5.1, and 3.4 respec- 
tively. As expected, all alcoholics (with or without liver disease) showed a 
value well over the 4.0 cutoff level. The mean %CDT levels in alcoholics 
with liver disease, alcoholics without liver disease, and controls were 3.8, 
4.0, and 2.0 respectively. The sensitivity and specificity of GGT—%CDT in 
alcoholics with liver disease were 94 and 100%, respectively. In alcoholics 
without liver disease, the respective sensitivity and specificity were 90 and 
100%, respectively [36]. 


6.3.4 Application of CDT 


CDT has application in both clinical medicine and forensic investigation as 
an alcohol biomarker. In general, it is assumed that CDT is a biomarker of 
chronic alcohol intake of more than 60 g per day. CDT is a superior bio- 
marker compared to GGT and MCV. The major advantage of CDT as an alco- 
hol biomarker is that CDT values are not significantly affected by 
medications except in immunocompromised patients, who may show low 
CDT values. In general, CDT values appear to be less elevated in women after 
alcohol consumption than in men. However, due to the relatively low sensi- 
tivity of CDT, it is not recommended for screening of the general population 
for identification of individuals who may abuse alcohol. Various features of 
CDT are summarized in Box 6.2. 


A major application of CDT or %CDT as an alcohol biomarker is in the clini- 
cal management of alcohol-dependent patients. This marker can be used for 
monitoring abstinence or relapse in heavy drinkers attending clinics for 
detoxification. It can be used to identify heavy drinkers in medical outpatient 
or psychiatric outpatient clinics. This marker can also be used for screening 
presurgical patients. 
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CASE REPORT 6.1 


A 53-year-old white male was referred to the substance next appointment, his GGT was within normal limits, but 
abuse clinic after he was sentenced by a court to drug and %CDT was increased to 2.5%. Two weeks later, his GGT was 
alcohol counseling for a driving while intoxicated (DWI) con- still within normal limits, but his %CDT was further increased 
viction. The patient admitted that he was a recovering alco- to 3.1%. He denied any alcohol consumption, but at a later 
holic, but on the night of the incident he consumed appointment his %CDT showed a high value of 3.6%. At that 
approximately six drinks after being sober for 3 years. At the time, he admitted drinking for the past 2 months on a regular 
clinic, he was diagnosed with major depressive disorder and basis and did not think laboratory tests were so accurate that 
was prescribed 60 mg fluoxetine, but he did not want inten- he could be caught. At that time, he was admitted for an 
sive alcohol treatment because he was not drinking. His intensive outpatient alcohol detoxification program, which he 
%CDT was 1.7%, indicating that he was not drinking. At his completed successfully [37]. 


BOX 6.2 CHARACTERISTICS OF CDT AS ALCOHOL BIOMARKER 


CDT is a combination of minor isoforms: asialo-, The upper limit of normal for CDT in males is usually 
monosialo-, and disialotransferrin. 20 U/L and in females 26 U/L, but different authors 
Either CDT alone [expressed as units per liter) or may use slightly different cutoffs. 

%CDT can be used as an alcohol biomarker. The cutoff value of %CDT varies among reports but is 
Usually, consumption of 50—60 g of alcohol per day usually between 2 and 3%; however, many authors 
chronically (for at least 2 or 3 weeks) increases CDT. describe a cutoff value of 2.5 or 2.6%. 

The half-life of CDT is usually 14—17 days; values Sensitivity and specificity of CDT or %CDT vary widely 
return to normal 3 or 4 weeks after abstinence. as reported by various authors, but in general %CDT is 
Women may have a higher CDT than men. a better marker than GGT or MCV. 

Whereas absolute CDT value is gender dependent; Combined GGT—%CDT marker, based on the formula 
%CDT is not. [0.8 X ln(GGT)] + [1.3 X In(%CDT)], is superior to %CDT 
%CDT may be slightly superior to CDT as an alcohol as an alcohol biomarker. 

biomarker because transferrin values may be elevated CDT values are not influenced significantly by 

by various factors, such as anemia, use of oral medication, but immunocompromised patients may 
contraceptives, and pregnancy. have lower CDT values. 

CDT values may be less elevated in women than in 

men after chronic alcohol consumption. 








In at least eight European countries, alcohol biomarkers are used as part of 
the clinical evaluation of convicted drunk drivers for abstinence and regrant- 
ing driver's licenses. In Switzerland, Italy, and Austria, repeat offenders are 
sent to therapy, and alcohol biomarkers including CDT are measured quar- 
terly for 1 year to monitor abstinence. After 1 year with documented absti- 
nence, the driver's license is reinstated. A CDT test was introduced in 
Belgium in 2008 within the framework of driver's license reinstatement. The 
blood samples are drawn bimonthly, and CDT along with other biomarkers 
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are monitored to evaluate a driver's adherence to the abstinence program for 
1 year. Based on a 2-year study, Maenhout et al. reported that CDT is a 
powerful tool for driver's license renewal or regranting [38]. Of all routinely 
used alcohol biomarkers, %CDT is the main predictor of recidivism of drunk 
driving in previously convicted drunk driving offenders [39]. 


CDT has been studied as a marker of chronic alcohol use in death investiga- 
tions. CDT is stable in postmortem blood for up to 36 hr and can be used as 
a marker of antemortem alcohol use prior to time of death in medical exam- 
iner cases [25]. Popovic et al. noted that CDT analysis can be performed in 
postmortem specimens up to 76 hr after collection. In addition, CDT analysis 
in death investigations for antemortem alcohol use had a sensitivity of 59% 
and specificity of 71%. However, high incidences of false-positive CDT 
results were observed in individuals with liver cirrhosis and liver failure that 
were nonalcoholic in origin [40]. 


Glycosylation is the most common post-translational modification of protein, 
and disturbance in glycosylation may be congenital or acquired. Approximately 
50 congenital disorders of glycosylation of protein have been described. There 
are two main types of protein glycosylation, namely N-glycosylation and 
O-glycosylation. Most diseases are due to defects in the N-glycosylation path- 
ways [41]. Congenital defect of glycosylation Ia is caused by phosphomannose 
mutase deficiency and, except for hereditary multiple exostoses, is the most 
commonly encountered type of defect. It affects mainly the nervous system but 
may also affect other organs, such as the heart, liver, gastrointestinal tract, and 
gonads. The incomplete addition of sialic acid to transferrin molecules as evi- 
denced by an elevated level of CDT is the most commonly used test for identifi- 
cation of this type of disorder. Using a %CDT cutoff of 2.5%, Perez-Cerda et al. 
screened 7910 children with suspected metabolic disorders and identified 50 
patients tentatively suffering from congenital disorders of glycosylation. In half 
of these cases, deficiencies were genetically confirmed, and in another 15 cases 
abnormalities were related to secondary alterations [42]. 


The CDT test can be used to monitor the progress of therapy in patients with 
galactosemia or fructosemia. Reversible hypoglycosylation of N-glycoprotein 
mimicking congenital disorder of glycosylation of protein type Ia as evi- 
denced by transferrin isoform pattern is also present in hereditary fructose 
intolerance as well as galactosemia. The possible mechanism is inhibition of 
phosphomannose by fructose 1-phosphate in the liver, kidney, and intestine. 
Usually, with therapy, hypoglycosylation of protein is reversed, as evidenced 
by normalization of hypoglycosylated transferrin molecules commonly 
referred to as CDT. In a study of 10 patients with hereditary fructose intoler- 
ance and 17 patients with galactosemia, Pronicka et al. demonstrated that fol- 
lowing treatment, elevated levels of %CDT were significantly reduced. For 
example, in patients with hereditary fructose intolerance, the mean 
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pretherapy %CDT level of 27.3% was significantly reduced to a mean of 
9.3% following a fructose-free diet. Similarly, in patients with galactosemia, 
mean %CDT level was reduced from 43.8 to 11.2% following dietary treat- 
ment [43]. 


6.3.5 Limitations of CDT as Alcohol Biomarker 


There are several limitations to using CDT as an alcohol biomarker. For exam- 
ple, there is controversy regarding the level at which chronic consumption of 
alcohol should lead to elevated CDT levels or %CDT. In general, it is assumed 
that consuming 50—60 g of alcohol (~4 or 5 standard drinks) per day for 2 
or 3 weeks should lead to elevated levels of CDT. However, some studies 
have suggested that consuming even 80 g of alcohol per day is not sufficient 
to increase CDT values over the reference range in certain individuals [44]. In 
contrast, Kim et al. reported that Korean male drinkers who experienced facial 
flushing after drinking due to a genetic defect leading to reduced enzymatic 
activity of the aldehyde dehydrogenase enzyme showed higher %CDT levels 
(cutoff of 2.47%) compared to male drinkers who did not experience the 
facial flushing reaction after drinking. In the flushing group, drinking as little 
as 47 g of alcohol per week (3.38 drinks) induced elevated %CDT, and the 
test had sensitivity and specificity of 77.8 and 70.4%, respectively. In contrast, 
in normal Korean male drinkers, the least amount of alcohol needed per 
week for elevated %CDT was 158 g (11.25 drinks). The respective sensitivity 
and specificity of %CDT were 62.2 and 69.6% [45]. Limitations of CDT as an 
alcohol biomarker are listed in Box 6.3. 


BOX 6.3 FACTORS THAT MAY AFFECT %CDT TEST 


False-Positive %CDT m Anorexia nervosa and other psychiatric 
m Congenital disorder of glycosylation illness in which a patient is in a negative 
Hereditary fructose intolerance catabolic state (female patients] 


False-Negative %CDT 

m Significant iron overload such as genetic 
hemochromatosis may reduce CDT 
level; intense iron removal therapy in 
these patients may increase CDT level 
significantly. 

m= Analytical interferences 


m 
m Galactosemia 
E 


End-stage liver disease including 
nonalcoholic liver diseases such as 
hepatocellular carcinoma 

Low ferritin level {both in anemic and in 
nonanemic patients) 

Cystic fibrosis 

Chronic obstructive pulmonary disease 
Combined pancreas and kidney Variable Effect Due to Interference 
transplantation with the Test 

Patient with achondroplasia m Genetic variance of transferrin molecule 
Pregnancy, but elevated CDT level returns 





to normal in the postpartum stage 
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Although controversial, it is generally assumed that age, gender, ethnicity, 
body mass index, and smoking habit do not significantly affect the interpreta- 
tion of %CDT results [46]. Nevertheless, some investigators have reported that 
low body mass index may result in higher CDT levels, whereas high body 
mass index may be associated with lower CDT levels. The authors further com- 
mented in the review article that liver diseases including end-stage liver disease 
may elevate both %CDT and the absolute value of CDT. In addition, total 
CDT levels may be affected by factors that increase transferrin levels, such as 
iron deficiency, chronic illness, and menopausal status. False-negative results 
may be associated with female gender, episodic lower level alcohol use, and 
acute trauma with blood loss. Certain drug therapies may affect %CDT as well 
as the absolute value of CDT. Anticonvulsants and angiotensin-converting 
enzyme (ACE) inhibitors may elevate both %CDT and CDT, whereas loop 
diuretics may lower %CDT and the absolute value of CDT. However, evidence 
that certain drugs may affect %CDT is not strong, and further studies are 
needed to establish such effects of certain drugs on %CDT or the absolute 
value of CDT [47]. Fagan et al. reported that heavy drinkers with a body mass 
index indicative of being overweight or obesity had significantly lower %CDT 
compared to that of lean heavy drinkers [48]. Szabo et al. reported three cases 
of bodybuilders who were ethanol abstinent but showed elevated %CDT. 
These bodybuilders were taking protein-containing food supplements [49]. 


In general, CDT levels are elevated in patients with end-stage liver disease 
even in the absence of alcohol abuse. In one study, the authors used HPLC 
to identify six patients with end-stage liver disease who showed elevated 
disialotransferrin levels. In addition, the authors identified one patient taking 
enzyme-inducing drugs (phenytoin and carbamazepine) who showed ele- 
vated disialotransferrin [50]. DiMartini et al. studied 79 patients with end- 
stage liver disease who did not consume any alcohol. They observed that 
nearly 50% of these patients had elevated %CDT (at a cutoff concentration 
of 2.6% or greater) and concluded that elevated %CDT may not indicate 
alcohol consumption in patients with advanced liver disease [51]. Although 
%CDT does not increase significantly in patients with chronic viral hepatitis, 
it is increased in viral liver cirrhosis. In addition, %CDT values are increased 
in patients with hepatocellular carcinoma [52]. 


False-positive CDT levels in patients with low ferritin have been reported. 
Both anemic and nonanemic patients with low ferritin levels may show ele- 
vated CDT levels. Low iron status or high iron demand result in increased 
transferrin synthesis in these patients; as a result, a proportional increase in 
CDT isoforms may occur [53]. Patients with cystic fibrosis may have an 
increased level of serum CDT due to abnormalities in protein glycosylation 
and sialylation [54]. Increased serum levels of CDT has also been reported in 
patients with chronic obstructive pulmonary disease [55]. Arndt et al. reported 
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elevated serum CDT levels and %CDT in patients with combined kidney and 
pancreas transplantation. In contrast, diabetic patients and patients who 
received only kidney transplantation showed normal values of CDT and % 
CDT [56]. Increased CDT level has also been reported in a patient with achon- 
droplasia [57]. During pregnancy, the relative disialo-, pentasialo-, and hexa- 
sialotransferrin levels increase along with reduced levels of tetrasialotransferrin 
and trisialotransferrin. As a result, false-positive %CDT based on disialotrans- 
ferrin may be observed in pregnant women, with the most pronounced effect 
in the third trimester. In postpartum specimens, all transferrin isoforms return 
to normal levels [58]. 


Patients with eating disorders, especially anorexia nervosa, may show ele- 
vated CDT levels. In a study of 24 nonalcoholic subjects, Reif et al. observed 
that 57% of patients with anorexia nervosa showed elevated levels of CDT. 
In contrast, bulimia nervosa patients showed normal CDT levels. Patients 
with initially elevated CDT tended to be more seriously ill, but during ther- 
apy body mass index of anorexia nervosa patients normalized with parallel 
normalization of CDT levels [59]. Women in catabolic (negative metabolic) 
state may also have elevated CDT levels. For example, a woman with recent 
weight loss may have elevated CDT, but this phenomenon is more common 
in female psychiatry patients who are in a negative catabolic state but not 
consuming alcohol on a regular basis. In addition to anorexia nervosa, these 
patients may also suffer from dementia, schizophrenia, and related disorders 
leading to significant weight loss [60]. 


CDT levels are highly affected by body iron status. Patients with iron deficiency 
anemia usually show elevated levels of CDT, but such levels decrease with iron 
supplementation. Patients with genetic hemochromatosis often experience iron 
overload, and these patients may show false-negative results due to decreased 
CDT levels. In one study, the authors reported that the average CDT level in 
patients with genetic hemochromatosis was 9.6 U/L, whereas in controls it was 
15.7 U/L. However, in patients with iron deficiency anemia, the average CDT 
level was higher (28.1 U/L) than that of controls. Therefore, CDT levels are 
dependent on iron status of the body [61]. Jensen et al. reported that in 11 
patients with genetic hemochromatosis, CDT levels were significantly increased 
from a mean value of 8.5 U/L to a mean value of 16.6 U/L during intensive 
iron removal but not during maintenance iron removal therapy. Iron mobiliza- 
tion from the liver could be responsible for such increased CDT levels [62]. 


Various transferrin genetic variants have been reported, but they usually occur 
at low frequencies. Transferrin C, especially transferrin C1 and C2, is the pre- 
dominant form, but other forms, such as B, can also be encountered. De Wolf 
et al. reported that a novel C2 transferrin variant, T139M, interferes with HPLC 
and capillary zone electrophoresis methods of analysis of CDT but does not 
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affect the immunochemistry method [63]. The genetic transferrin B variant 
may cause a false-negative CDT test result, whereas the genetic D variant may 
cause a false-positive CDT result. Compared to HPLC, the immunoassay 
method for determining %CDT often produces a low result with the transfer- 
rin BC variant but a high result with transferrin CD and C2C3 variants [64]. 


CASE REPORT 6.2 


A 23-year-old healthy professional soccer player was of liver disease was found. At this point, his serum transfer- 
involved in a car accident related to alcohol consumption. rin pattern was further evaluated using isoelectric focusing, 
His %CDT results were elevated (e.g., 3.2 and 3.65% mea- which revealed a pattern inconsistent with chronic alcohol 
sured by the ChronAlcol.D assay, which involves the ion abuse but led to the detection of a genetically determined 
exchange microcolumn separation method) above the refer- transferrin D variant. It was established that initial CDT 
ence range (cutoff, 2.5%), indicating alcohol abuse. The results were falsely elevated due to the presence of the 
young man suffered from increasing social isolation due to transferrin D variant. Determination of this transferrin vari- 
the perception of chronic alcohol abuse. He was also ant heterozygosity resulted in his social rehabilitation and 
referred for further evaluation for potential liver disease. reinstatement of his driver's license [65] 

However, he denied chronic alcohol abuse, and no evidence 


6.4 LABORATORY DETERMINATION OF CDT 


As mentioned previously, asialo-, monosialo-, and disialotransferrin are col- 
lectively called CDT. It is controversial whether trisialotransferrin should also 
be considered as CDT, but most methods for CDT do not measure trisialo- 
transferrin. Although the International Federation of Clinical Chemistry 
(IFCC) Working Group on Standardization of CDT recommended that disia- 
lotransferrin should be the primary target for measurement of CDT and stan- 
dardization of CDT methods should be based on this single analyte, other 
isoforms, such as asialo- and monosialotransferrin, are measured along with 
disialotransferrin in various CDT methods. In general, %CDT is more widely 
used as an alcohol biomarker than is absolute CDT value. 


CDT can be determined by various methods, including gel electrophoresis 
with isoelectric focusing, ion exchange chromatography, HPLC, capillary elec- 
trophoresis, and immunoassay. Currently, HPLC, capillary electrophoresis, 
and immunoassay are the methods most commonly used in the clinical lab- 
oratory for the determination of CDT, and the only immunoassay (immuno- 
nephelometric assay) on the market is the N-Latex CDT assay (Siemens 
Diagnostics). In the past, several immunoassays were available that required 
indirect separation of CDT from other isoforms by anion exchange minicol- 
umns followed by immunoassay determination of various isoforms. 
However, many of these indirect immunoassays have been withdrawn from 
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the market. Current CDT methods based on HPLC or capillary electrophore- 
sis offer the advantage of graphic visualization of the band. HPLC methods 
rely on selective absorbances of the iron—transferrin complex at 
460—470 nm, whereas the capillary electrophoresis method relies on ultravi- 
olet detection at 200 nm due to peptide bonds present in transferrin iso- 
forms. However, standardization of CDT methods is of utmost importance, 
as the IFCC working group on CDT standardization has emphasized [66]. 


In the past, many investigators used gel electrophoresis with isoelectric focus- 
ing (also known as zone electrophoresis or immunofixation electrophoresis 
(IFE)) to study CDT. In this method, molecules are separated by differences 
in their isoelectric point. IFE involves adding an ampholyte solution into 
immobilized pH gradient gel. During electrophoresis, a protein that is in a 
pH region lower than its isoelectric point should have positive charge and 
will migrate toward the cathode and during this process will come across a 
pH gradient that corresponds to the isoelectric point. Then the protein 
should have no net charge and should have no more migration. In this way, 
various proteins with different isoelectric points can be separated into dis- 
tinct zones. CDT has an isoelectric point of 5.7, whereas that of a normal 
transferrin molecule is 5.4. After iron saturation, transferrin isoforms can be 
analyzed by isoelectric focusing. Appropriate staining technique can be used 
for visualization of bands. CDT can also be determined by isocratic micro- 
anion exchange chromatography at pH 5.65. In this case, normal transferrin 
isoforms are retained by the column. However, the rare transferrin D variant 
may elute with the CDT fraction [67] 


The N-Latex CDT direct immunonephelometric assay is based on monoclo- 
nal antibody that specifically recognizes asialo-, monosialo-, and disialo- 
transferrin in combination with a simultaneous assay for determination of 
total transferrin level (Siemens Diagnostics). Polystyrene particles coated 
with monoclonal antibody against CDT are agglutinated by CDT-coated 
polystyrene particles. If present in a patient’s serum, CDT inhibits this reac- 
tion in a dose-dependent manner, which allows quantification of CDT using 
nephelometry over an 18-min time period. Because the degree of iron satura- 
tion of transferrin influences the binding affinity of antibody, in the first 
incubation step, transferrin-bound iron is removed by a chelating agent. The 
simultaneous determination of transferrin allows an automatic calculation of 
%CDT. The assay is automated and does not require any sample pretreat- 
ment. The measurement range is 0.77—25% CDT. The 97.5th percentile for 
%CDT cutoff was 2.35% as observed by Delanghe et al. in the cohort they 
studied. In addition, the authors found no interference in the assay from 
transferrin variants [68]. However, Maenhout et al. reported that the auto- 
mated immunonephelometric method underestimates the %CDT in the pres- 
ence of mutant transferrin compared to %CDT measured by the capillary 
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zone electrophoresis method [69]. Although it is generally assumed that 
%CDT is a marker for heavy alcohol use (50—80 g/day), Whitfield et al., 
using N-Latex CDT assay, observed that the probability of a %CDT greater 
than 2% increased with modest alcohol intake of 8—14 drinks per week in 
men and %CDT increased steadily with higher amounts of alcohol consump- 
tion. In women, mean %CDT was highest with 29—35 drinks per week and 
did not increase further with higher levels of alcohol consumption. 
Therefore, with higher alcohol consumption, males generally showed higher 
%CDT values than females [70]. In the past, many immunoassay methods 
required separation of CDT prior to quantitation by anion exchange minicol- 
umn. The older ion exchange method reported CDT as units per liter, which 
corresponds to approximately 1 mg of transferrin per liter. 


Capillary zone electrophoresis (CZE) is also used for determination of CDT. 
CZE requires a small amount of specimen, and assay can be performed using 
a fused silica capillary column at alkaline pH and solute detection can be car- 
ried out at 200-nm wavelength. This assay can also be automated. Joneli 
et al. reported that during a 10-year period, the CZE method used in their 
laboratory had acceptable performance and good precision. Moreover, results 
obtained by CZE compared well with those of HPLC and CZE assays per- 
formed in other laboratories [71]. An automated capillary electrophoresis 
system for analysis of CDT is available from Sebia (Capillarys2 analyzer for 
serum proteins; Sebia, Norcross, GA). All necessary reagents are supplied by 
the manufacturer with the test kit along with instructions to perform the test. 
Specimens are automatically diluted with an iron solution and injected at 
the anodic end of the capillary column, where transferrin isoforms are sepa- 
rated in an alkaline buffer in the presence of high voltage. Transferrin iso- 
forms are separated based on their electrophoretic mobility, mainly 
depending on pH and electro-osmotic flow. Detection is achieved at the 
cathodic end at 200-nm wavelength. The relative amount of CDT is expressed 
as the sum of disialotransferrin and, when present, asialotransferrin, which is 
calculated automatically. The result can be expressed as percentage of trans- 
ferrin (%CDT). In case of analytical interference in the capillary electrophore- 
sis peak profile that may cause difficulty with CDT quantitation, the 
specimen is reanalyzed after cleanup with an immunosubtraction solution 
(provided by Sebia) that precipitates immunoglobulins. If the analytic prob- 
lem persists after sample cleanup, an alternative method such as HPLC 
should be used. HPLC is the confirmatory method, with recommended cut- 
off of 1.3% [72]. Gonzalo et al. considered a value only greater than 2% to 
be positive using Bio-Rad HPLC and greater than 3% as positive using 
N-Latex CDT assay, which are higher cutoffs compared to those proposed by 
other authors. The authors commented that for patients with liver cirrhosis, 
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neither method can correctly predict alcohol consumption because in 54% 
of patients, neither the Bio-Rad method nor the N-Latex % carbohydrate 
assay provided possible interpretation [73]. 


HPLC is considered as the reference method for %CDT determination. In the 
HPLC protocol described by Bergstrom and Helander, serum transferrin was 
saturated with iron using ferric nitrotriloacetic acid followed by precipitation 
of lipoproteins with dextran sulfate. Then clear supernatant after dilution was 
injected into the HPLC system, and various isoforms of transferrin were sepa- 
rated in an anion exchange column. Detection and quantification of various 
peaks representing various transferrin isoforms was achieved by UV detection 
at 470 nm (absorption of iron—transferrin complex), and the relative amount 
of each isoform was calculated as a percentage of total transferrin (peak areas 
of all isoform). The authors considered %CDT of 1.7% (representing the 
ratio of disialotransferrin to total transferrin) as the upper end of the reference 
range. The mean %CDT determined by this method was 2.4% in male heavy 
drinkers and 1.77% in female heavy drinkers. At 40, 60, and 80 g of alcohol 
intake per day, %CDT showed lower test sensitivity in women than in men 
[74]. Schellenberg et al. used the Bio-RAD %CDT method with a Varian HPLC 
system but used 460-nm wavelength for detection of peaks and 690-nm wave- 
length for background correction. The method showed good correlation with 
capillary electrophoresis assay (Sebia) [75]. Daves et al. compared capillary 
zone electrophoresis with HPLC and found that although cutoffs of %CDT 
ranging from 1.3 to 2.6% have been proposed, 1.6% should be considered as 
a valid cutoff for forensic investigation for the capillary electrophoresis method 
of %CDT using Capillarys2 (Sabia). Values between 1.3 and 1.6% should be 
reevaluated by another method. The cutoff value for HPLC was 1.9%. 
Although the overall correlation between capillary electrophoresis and the 
HPLC method (based on analysis of 539 samples) was good with a correlation 
coefficient of 0.96, discrepancies between values exceeding method-specific 
cutoff values (1.6% for capillary electrophoresis and 1.9% by HPLC) were 
observed in a large number of samples (62%), especially when CDT values 
were between 1.3 and 1.9%. However, with higher values (%CDT >2.0%), 
only 0.6% of specimens showed discrepancies [76]. Del Castillo Busto et al. 
analyzed transferrin isoforms after iron saturation using HPLC coupled with 
inductively coupled plasma mass spectrometry. Detection was achieved by the 
presence of iron in each of the separated isoforms of transferrin. After screen- 
ing of the isoforms containing iron by inductively coupled plasma mass spec- 
trometry, structural characterization of each isoform was carried out using 
matrix-assisted laser desorption/ionization mass spectrometry with time-of- 
flight detection (MALDI-TOF). Electrospray mass spectrometry was also used 
for comparison |77]. 
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6.5 CONCLUSIONS 


CDT and %CDT are good alcohol biomarkers for heavy alcohol use due to their 
good specificity, although sensitivity has varied widely among studies. CDT has 
been in clinical use for many years and was the first alcohol biomarker 
approved by the FDA. A number of analytical methods have been developed 
for analysis of CDT but without any harmonization or calibration to a reference 
method. As a consequence, there are different cutoff values for the different 
methods, which is hampering understanding of the diagnostic value of CDT or 
%CDT in routine clinical use. Standardization of different methods with a refer- 
ence HPLC method is needed, as is the use of a robust calibration system to 
achieve standardization of the various CDT methods. Harmonization of meth- 
ods is possible using human serum-based calibrators |78]. 
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CHAPTER 7 


B-Hexosaminidase, Acetaldehyde— 


Adducts, and Dolichol as Alcohol 
Biomarkers 


7.1 INTRODUCTION 


8-Hexosaminidase, also known as N-acetyl-3-p-glucosaminidase, is a lyso- 
somal enzyme found in most body tissues, especially the kidneys, in which 
concentrations are higher than in other tissues. Total serum 6-hexosamini- 
dase activity, particularly the activity of the heat-stable fraction of 8-hexosa- 
minidase in serum, as well as total urinary $-hexosaminidase activity, is 
increased in alcoholics compared to moderate drinkers and nondrinkers. 
Therefore, 3-hexosaminidase is used as an alcohol biomarker. Acetaldehyde, 
being highly reactive, also rapidly forms stable adducts with a number of 
compounds, including proteins such as albumin (the most abundant protein 
in blood) and hemoglobin. These adducts are found mostly in chronic heavy 
consumers of alcohol because acetaldehyde levels are more significantly ele- 
vated in these individuals compared to moderate or social drinkers. The 
hemoglobin—acetaldehyde adduct has also received attention in the scientific 
community as a biomarker of alcohol abuse. 


7.2 @-HEXOSAMINIDASE ISOFORMS 


6-Hexosaminidase is a complex group of glycoprotein lysosomal isoenzymes 
that releases N-acetylglucosamine and N-acetylgalactosamine from the nonre- 
ducing end of oligosaccharide chains of glycoproteins, glycolipids, and glyco- 
saminoglycans. To prevent accumulation of GM, ganglioside in Tay—Sachs 
disease or gangliosides and oligosaccharides in Sandhoff’ disease, higher 
enzymatic activities of 8-hexosaminidase are needed compared to the levels 
present in these patients. Isoenzymes of 3-hexosaminidase are composed of 
two polypeptide chains designed as a and 8 encoded by two genes. In 
humans, the gene encoding the pre-pro-a subunit (HEX A gene) is located 
on chromosome 15 (15q23—q24), whereas the gene encoding the pre-pro-6 
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subunit (HEX B gene) is located on chromosome 5 (5q13) [1]. Two major 
isoenzymes of $-hexosaminidase have been characterized—isoenzyme A 
(one a and one ĝ chain) and B (two 8 chains)—whereas isoenzyme S (two a 
chains) represents only approximately 0.02% of isoenzyme activity [2]. 
However, there are other isoforms of 8-hexosaminidase present in serum that 
can be separated by isoelectric focusing. Isoform P (the P isoform is elevated 
in pregnancy, hence the name) and isoforms I, and I, (intermediate heat- 
stable forms normally present in serum) all consist of two 8 subunits. In 
order of decreasing isoelectric points, the isoenzymes of B-hexosaminidase 
can be arranged as B, l, l, P, A, and S. Hexosaminidase C has been purified 
from human placenta, and this isoform is more active in patients deficient in 
B-hexosaminidase A and B activity. Hexosaminidase C has a distinct isoelec- 
tric point and is found predominantly in the brain [3]. 


Like other lysosomal enzymes, subunits a and 8 of 6-hexosaminidase are 
transported as high-molecular-weight precursors through the endoplasmic 
reticulum and Golgi, where they undergo numerous post-translational modi- 
fications in transit or after reaching lysosomes. These modifications include 
removal of single peptide, N-glycosylation, formation of disulfide bonds, 
and acquisition of mannose-6-phosphate [4]. The heat-stable isoforms of 
B-hexosaminidase are hexosaminidase B, I (both I, and Iz), and P, whereas 
hexosaminidase A and S are heat labile. Studies with neuraminidase indicate 
that 8-hexosaminidase A contains more sialic acid residues, and removal of 
sialic acid from the molecule produces other forms that have similar electro- 
phoretic mobility to those of intermediate and B forms [5]. Mutation of the 
gene that encodes the a subunit (HEX A) leads to a deficiency of 3-hexosa- 
minidase isoenzyme A, which causes Tay—Sachs disease, whereas mutation 
in the gene encoding the 8 subunit (HEX B) leads to deficiency of both 
6-hexosaminidase isoenzymes A and B in Sandhoff’s disease [6]. 


7.3 @B-HEXOSAMINIDASE AS ALCOHOL BIOMARKER 


Chronic alcohol consumption results in increased levels of 8-hexosaminidase 
in both serum and urine. In general, more than 90% of alcoholics admitted 
to hospitals for alcohol intoxication have an increased serum B-hexosamini- 
dase concentration [7]. It has been assumed that consuming greater than 
60 g of alcohol (>4.5 standard drinks) per day for 10 days or more results 
in an increased level of $-hexosaminidase in serum. Karkkainen et al. 
reported that the mean B-hexosaminidase level was 35.0 U/L among drunken 
men (n= 25), whereas it was 16.8 U/L among healthy males (n= 16) who 
were social drinkers. Interestingly, the mean $-hexosaminidase level was 
19.8 U/L among teetotalers. The authors further reported that the sensitivity 
of 8-hexosaminidase among heavy drinkers was 85.7%, which was superior 
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to the sensitivity of 47.6% of the alcohol biomarker Ņ-glutamyl transpepti- 
dase (GGT). The authors further stated that the specificity of 8-hexosamini- 
dase as an alcohol biomarker was 97.6% [8]. Therefore, elevated serum 
B-hexosaminidase concentration is a marker for heavy drinking. 


As mentioned previously, 3-hexosaminidase in serum exists as heat-labile 
(A and S) and heat-stable (B, Iı, In, and P) isoforms. In serum of alcoholics, 
the P isoform is often increased more than other isoforms, but isoenzyme sep- 
aration to detect P isoform is time-consuming using the isoelectric focusing 
technique [9]. Subsequently, Hultberg et al. developed enzyme immunoassays 
for the determination of 8-hexosaminidase isoenzyme A as well as isoenzyme 
B in human sera using monoclonal antibodies. However, enzyme immunoas- 
say for 8-hexosaminidase B also showed similar cross-reactivities to P and 
intermediate. Therefore, isoenzyme B assay represented the sum of all these 
isoforms ($8-hexosaminidase B, P, and intermediate forms abbreviated as Hex 
B). Interestingly, Hex B concentration represents the heat-stable fraction of 
B-hexosaminidase in serum. The authors determined that the upper limit of 
normal for Hex B was less than 8.2 U/L. However, levels of Hex B were ele- 
vated in 38 of 42 patients hospitalized for alcohol detoxification. The mean 
serum Hex B level was 24.7U/L in these patients. In comparison, 
carbohydrate-deficient transferrin (CDT) was elevated in 35 of 42 
patients, and the mean value was 41.7 U/L (normal: males, <20 U/L; 
females, <25 U/L). There was a good correlation between Hex B and CDT 
levels in these patients. However, neither Hex B nor CDT values correlated 
with GGT or aspartate aminotransferase (AST) values. The mean half-life of 
Hex B was 6.5 days, whereas that of CDT was 8.6 days. The authors reported 
that Hex B had better sensitivity than CDT as an alcohol biomarker to identify 
heavy alcohol use, and combining both markers would increase the sensitivity 
further [10]. In another study, the authors observed that mean Hex B concen- 
tration was 25.6 U/L among alcoholics (n= 38) who were hospitalized for 
detoxification, but the mean concentration was 4.3 U/L among 20 social drin- 
kers with a median alcohol consumption of 38 g per week. In addition, the 
mean total 3-hexosaminidase levels were 37.9 U/L in alcoholics and 12.5 U/L 
in social drinkers. Interestingly, previous alcoholics who were abstinent 
between 6 days and 10 years (median, 17 days) showed a mean Hex B value 
of 4.3 U/L and a mean total 3-hexosaminidase level of 11.6 U/L [11]. 


Stowell et al. measured total 3-hexosaminidase level, heat-stable 3-hexosamini- 
dase level (after deactivating the heat-labile fraction by heating the specimen at 
50°C for 2 hr), and urine 6-hexosaminidase level, along with concentrations of 
various other alcohol biomarkers, including CDT, GGT, alanine aminotransfer- 
ase (ALT), and AST, in both alcoholic and nonalcoholic subjects. The authors 
used p-nitrophenol-N-acetyl-3-p-glucosamine as the substrate for measuring 
enzymatic activity of 8-hexosaminidase (both total activity in serum and 
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activity of the heat-stable fraction) activity in serum and urine. The authors 
denoted combined activity of the heat-stable fraction of 6-hexosaminidase 
(isoforms B, I, and P) as 8-Hex B activity. The authors observed that the mean 
total 8-hexosaminidase level in alcoholics (18 patients admitted to the detoxifi- 
cation center who had consumed 120—300 g of alcohol per day during the pre- 
ceding 2 weeks before admission) was 2.5 times higher than the mean level 
observed in moderate drinkers who consumed less than 60 g of alcohol per 
week (mean value of 49.6 U/L in alcoholics and 19.4 U/L in moderate drinkers). 
The increase in total 3-hexosaminidase activity was mainly due to more than a 
fivefold increase in heat-stable 8-hexosaminidase level (8-Hex B: mean value of 
28.4 U/L in alcoholics and 5.7 U/L in moderate drinkers). Interestingly, for non- 
drinkers, the mean total 3-hexosaminidase level was 21.2 U/L, whereas the 
mean -Hex B level was 5.9 U/L, indicating that B-hexosaminidase is a marker 
for heavy alcohol use. For heavy drinkers, who consumed more than 60 g of 
alcohol per week, the mean total 3-hexosaminidase level was 22.4 U/L, whereas 
the mean heat-stable B-hexosaminidase level was 9.1 U/L. The authors also 
introduced a parameter called serum 8-Hex B%, which can be obtained by 
dividing 8-Hex B activity by total 8-hexosaminidase activity. The mean B-Hex 
B% was 52.4% for alcoholics, 40.2% for heavy drinkers, 29.0% for moderate 
drinkers, and 27.5% for nondrinkers, indicating that 6-Hex B% is a good bio- 
marker for alcohol abuse. This parameter correlated well with serum CDT 
values. The authors concluded that the cutoff value of serum B-Hex B% was 
35% and any value above that indicates heavy alcohol consumption (> 60 g per 
day). At that cutoff value, 8-Hex B% had a specificity of 91% and sensitivity of 
94%. This marker is more sensitive than GGT, AST, ALT, or mean corpuscular 
volume (MCV) as an alcohol biomarker. Moreover, serum B-Hex B% is slightly 
more sensitive than CDT [12]. In a study of 8-hexosaminidase using agarose gel 
isoelectric focusing in sera collected from alcoholics, Maenhout et al. observed 
an additional cathodal band (between pH 6.8 and 7.7). The authors designated 
this band as Hex-7 and reported that the level of Hex-7 correlated well with 
%CDT in sera of chronic alcohol abusers [13]. 


Nystrom et al. investigated whether B-hexosaminidase can be used as a 
marker to identify college students who are heavy drinkers but not alco- 
holics. The authors measured the enzymatic activity of $8-hexosaminidase 
(total activity) using p-nitrophenyl-N-acetyl-3-p-glucosamine as the substrate 
in citrate buffer at pH 4.5. Based on their study of 203 first-year university 
students, the authors did not find any correlation between serum $-hexosa- 
minidase levels and reported drinking by these students. In addition, mean 
6-hexosaminidase level in teetotalers did not differ significantly from the 
mean level observed in the heaviest drinking group. For example, the mean 
B-hexosaminidase level was 18.9 U/L in teetotalers, and in heavy drinkers it 
was 20.4 U/L. The mean level was 19.6 U/L in social drinkers. However, 
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6-hexosaminidase levels were elevated in female students who were taking 
oral contraceptives. The authors concluded that serum $-hexosaminidase is a 
poor marker of alcohol consumption by young university students, and if an 
elevated level is observed in female students, use of oral contraceptive must 
be considered [14]. 


Binge drinking can significantly increase 3-hexosaminidase level. Based on a 
study of eight nonsmoking men who were irregular binge drinkers and who 
abstained from drinking for 10 days prior to the study, the authors observed 
significantly increased serum, urine, and salivary 6-hexosaminidase after 
these subjects consumed 120—160 g of alcohol as vodka (containing 40% 
alcohol) in a period of 6 hr (between 7 pm and 1 am). The authors further 
observed that increased levels of serum and urinary total 6-hexosaminidase 
were mainly due to the B-hexosaminidase A isoenzyme [15]. Interestingly, 
increased serum total B-hexosaminidase activity in chronic alcohol abusers is 
mostly attributable to increased activity of heat-stable 8-hexosaminidase 
activity (hexosaminidase B isoenzyme and other heat-stable isoenzymes). 


B-Hexosaminidase is a large molecule that is not filtered during glomerular fil- 
tration. However, 3-hexosaminidase is abundantly present in the cells of proxi- 
mal tubules, and a small amount is excreted in urine of normal subjects due to 
the exocytosis process. Elevated total 8-hexosaminidase levels (two- or three- 
fold greater than the normal value) in urine have been reported in chronic 
alcohol abusers. In general, like serum ($-hexosaminidase levels, urinary 
8-hexosaminidase levels are increased following consumption of at least 60 g 
of alcohol per day for at least 10 consecutive days. According to one study, 
however, average urinary excretion of }-hexosaminidase was three times higher 
in alcoholics than in teetotalers, and both serum and urine $-hexosaminidase 
were more sensitive markers than GGT. Controlled moderate drinking for 
10 days was reflected in serum $-hexosaminidase levels only but not in urinary 
B-hexosaminidase levels. However, in alcoholics, urinary 8-hexosaminidase 
levels remained elevated longer than serum B-hexosaminidase levels after absti- 
nence. The authors further observed that the sensitivity of serum $-hexosamini- 
dase was 69% in identifying alcoholics but 86% among drunkenness arrestees. 
Urine $-hexosaminidase had a sensitivity of 81% in identifying alcoholics. In 
addition, the specificity of serum and urine $-hexosaminidase was 98 and 
96%, respectively [16]. Serum B-hexosaminidase levels usually return to normal 
after 7—10 of abstinence, but it may take up to 4 weeks for urinary 
6-hexosaminidase levels to return to normal after abstinence |17]. Wehr et al. 
suggested that urinary 3-hexosaminidase can be used to monitor sobriety in 
alcohol-dependent individuals [18]. 


The precise mechanism by which 8-hexosaminidase levels in serum and urine 
are elevated in alcoholics is not clearly established. It has been shown that 
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BOX 7.1 CHARACTERISTICS OF 38-HEXOSAMINIDASE AS ALCOHOL 
BIOMARKER 


B-Hexosaminidase is an indirect marker of heavy 
alcohol consumption. 

B-Hexosaminidase is present in serum mostly as A 
aß), and B (88), but other minor forms, such as S [aal, 
1, l2 [intermediate form), and P [elevated in 
pregnancy], are also present in serum. Isoforms h, lo, 
and P are composed of two $8 chains. Total 
B-hexosaminidase activity in serum represents 
activities of all these isoenzymes collectively. 
B-Hexosaminidase B, l4, l2, and P are heat stable, and 
hese isoenzymes collectively are referred to as heat- 
stable B-hexosaminidase (abbreviated as B-Hex B or 
simply Hex B). B-Hexosaminidases A and S are heat 
abile. 





Both serum and urinary B-hexosaminidase activities 
are increased significantly after consumption of 
greater than 60 g of alcohol per day for 10 consecutive 
days or more. 

Serum B-hexosaminidase levels usually return to 
normal after 7—10 of abstinence, but it may take up to 
4 weeks for urinary B-hexosaminidase levels to return 
to normal after abstinence. 


At a cutoff value of 35%, serum B-Hex B% [ratio of 
heat-stable B-hexosaminidase to total 
8-hexosaminidase activity) has specificity of 91% and 
sensitivity of 94% to detect heavy alcohol abuse (> 60g 
per week]. However, sensitivity and specificity of serum 
6-hexosaminidase are 86 and 98%, respectively, among 
drunkenness arrestees, but sensitivity for identifying 
alcoholics is only 69%. Sensitivity and specificity of 
urinary 8-hexosaminidase are 81 and 96%, 
respectively. 

8-Hexosaminidase is a superior alcohol biomarker 
compared to GGT, AST, and ALT. It may be slightly 
superior to CDT. However, elevated serum and urine 
8-hexosaminidase may occur under various 


pathophysiological conditions (see Table 7.1). 
Although in the past, B-hexosaminidase activity in 
serum or urine was measured using substrate for 


3-hexosaminidase, currently immunoassays are 
available for measuring isoforms of B-hexosaminidase 
that can be adapted to use in automated analyzers. 





increased serum B-hexosaminidase activity in alcoholics is mostly due to ele- 
vation of heat-stable B-hexosaminidase isoenzymes. In sera of alcoholics, iso- 
enzyme P is also preferentially elevated. It has been speculated that increased 
serum ($-hexosaminidase levels in alcoholics are related not directly to alco- 
hol but due to alcohol-induced liver dysfunction that results in the release of 
6-hexosaminidase in the circulation from damaged hepatocytes [11]. Urinary 
B-hexosaminidase activity can also be used to monitor alcohol consumption 
during pregnancy [19]. Various characteristics of B-hexosaminidase as an 
alcohol biomarker are listed in Box 7.1. 


7.3.1 Pathophysiological Conditions that Cause Elevated 
Levels of 3-Hexosaminidase 


Many conditions and the use of certain medications may cause elevated 
levels of serum and/or urinary 3-hexosaminidase. These causes are listed in 
Table 7.1. Therefore, elevated levels of 3-hexosaminidase due to any of these 
causes should be considered as false-positive results when evaluating alcohol 
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Table 7.1 Elevated Serum and Urinary 8-Hexosaminidase in Various 
Conditions 


Elevated Serum and Urinary 
68-Hexosaminidase Conditions 


Elevated serum Use of oral contraceptives 
B-hexosaminidase Pregnancy 
Liver diseases and in liver metastasis 
Various cancers 
Viral hepatitis 
Hypertension 
Diabetes mellitus 
Myocardial infarction 
Cerebral infarction 
Acute pancreatitis 
Thyrotoxicosis 
Inflammatory bowel disease 
Rheumatoid arthritis 
Silicosis 
Elevated urinary Renal tubular dysfunctions associated 
B-hexosaminidase ith renal diseases 
pper urinary tract infection 
idney rejection after transplant 
lephrotoxic drugs 
leavy metal toxicity such as with cadmium 
iabetes mellitus 
Hypertension 
Preeclampsia 
Chronic heart failure 
Smokers consuming 10 g of tobacco per day 














use in individuals. Many conditions that increase serum 6-hexosaminidase 
levels may also cause elevated urinary 3-hexosaminidase levels. 


Serum 6-hexosaminidase levels are usually increased during pregnancy, possi- 
bly due to the impaired capacity of liver nonparenchymal cells to properly 
clear 3-hexosaminidase from blood [20]. Urinary activity of the enzyme is 
also increased in pregnancy, and, in women with preeclampsia, the level of 
activity may be increased further [21]. Serum 6-hexosaminidase is increased 
in various liver diseases and can be used as a liver function test [22]. Serum 
B-hexosaminidase levels are also elevated in patients with liver metastasis, 
and a variant B-hexosaminidase is observed in sera of these patients [23]. 
Schmieder et al. reported elevated serum activities of N-acetyl-6-glucosamini- 
dase (3-hexosaminidase) in patients with essential hypertension, but such 
elevated levels returned to normal with antihypertensive therapy [24]. The 
serum level of N-acetyl-$-glucosaminidase (3-hexosaminidase) could also be 
elevated in patients with acute viral hepatitis, acute pancreatitis, and after 
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myocardial infarction [25]. Hultberg et al. reported elevated plasma levels of 
6-hexosaminidase in patients with cerebral infarction, particularly in female 
patients [26]. Serum ($-hexosaminidase levels are elevated in patients with 
inflammatory bowel disease [27]; they are also elevated in patients with dia- 
betes mellitus, and such levels are further increased in patients who suffer 
from secondary complications of diabetes [28]. Mungan et al. reported ele- 
vated urinary N-acetyl-B-glucosaminidase (3-hexosaminidase) activities in 
children and adolescents with type 1 diabetes mellitus [29]. Serum N-acetyl- 
B-glucosaminidase (8-hexosaminidase) levels are also increased in patients 
with silicosis and workers exposed to silica dust [30]. Elevated levels of 
B-hexosaminidase have also been reported in patients with thyrotoxicosis 
[31]. Berenbaum et al. reported markedly elevated serum $-hexosaminidase 
activities in patients with rheumatoid arthritis [32]. Serum levels of 3-hexosa- 
minidase may become slightly elevated with advanced age. 


Lysosomal enzymes such as 3-hexosaminidase are found in renal proximal 
tubules, and urinary levels of 8-hexosaminidase have been associated with 
renal tubular dysfunctions, various kidney diseases, and drug nephrotoxicity. 
An elevated level of 8-hexosaminidase in urine is also an early warning of 
kidney rejection after transplant [33]. Increased urinary excretion of N-acetyl- 
B-glucosaminidase (3-hexosaminidase) has been shown in urinary tract infec- 
tion, and it can also be used as a marker of pyelonephritis and interstitial 
tubular damage [34]. Bazzi et al. commented that N-acetyl-8-glucosaminidase 
(6-hexosaminidase) is a marker of tubular cell dysfunction and a predictor of 
outcome in primary glomerulonephritis as well as response to therapy [35]. 
N-acetyl-8-glucosaminidase (3-hexosaminidase) levels are also elevated in 
patients with chronic heart failure but apparently normal kidney function. 
This elevation may be related to tubular injury caused by chronic heart fail- 
ure [36]. Elevated urinary excretion of 6-hexosaminidase has also been 
reported in smokers (smoking more than 10 g of tobacco per day) [37]. 


CASE REPORT 7.1 


Urinary N-acetyl-8-p-glucosaminidase (8-hexosaminidase) and there was a significant positive correlation of urinary 
levels were measured in a 5-year-old girl with distal renal -hexosaminidase activity with blood pH but no correlation 
tubular acidosis during a 14-month period using cresol sul- between serum potassium and urinary excretion of calcium. 
fonephthalein—glucosaminide as a substrate. Her urinary The authors concluded that systematic acidosis, which is a 
B-hexosaminidase activities were increased significantly but characteristic of distal renal tubular acidosis, was probably 
varied with changes in metabolic status (urinary causing elevated levels of urinary $-hexosaminidase 
B-hexosaminidase activities varied from 0.90 to 7.10 U/mmol activities [38]. 

creatinine; upper limit of normal, 0.6 U/mmol of creatinine], 
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7.4 LABORATORY METHODS FOR MEASURING 
3-HEXOSAMINIDASE 


The concentration of B-hexosaminidase can be measured in serum or urine 
either as enzyme activity (activity assay) using a proper substrate for the 
enzyme or as the amount of the enzyme (mass assay) using a proper immu- 
noassay. The separation of isoenzymes of 3-hexosaminidase can be achieved 
by electrophoresis, isoelectric focusing, capillary zone electrophoresis, or ion 
exchange chromatography. Although these methods are laborious, one 
advantage of them is that all isoenzymes of 6-hexosaminidase can be sepa- 
rated. This is especially important if an unusual variant of 6-hexosaminidase 
is present in the specimen. Isoelectric focusing can easily separate the two 
major isoenzymes, hexosaminidase A (isoelectric point, 4.5) and hexosamini- 
dase B (isoelectric point, 7.5), along with other isoforms. Using isoelectric 
focusing, Plucinsky et al. demonstrated that a variant of 6-hexosaminidase 
was present in sera of cancer patients [39]. For capillary zone electrophoresis, 
a urine sample could be incubated with the synthetic substrate methylumbel- 
liferyl-8-p-glucosaminide, and the reaction mixture could be introduced 
directly into the instrument. The released reaction product, 4-methylumbelli- 
ferone, could be separated at 13.3 kV in a 400-mmol borate buffer at pH 8.1. 
Detection of the signal could be achieved by either ultraviolet absorption or 
fluorescence [40]. 


Several methods, including colorimetry, fluorometry, and chemiluminescent 
detection, can be utilized for the determination of the activity of 3-hexosa- 
minidase in urine as well as serum. The colorimetric method based on 
stable and soluble p-nitrophenyl-N-acetyl-3-p-glucosamine has been used 
widely for this purpose. This method can be used for the determination of 
total activity as well as activity of heat-stable hexosaminidase (after deactivat- 
ing the heat-labile fraction by heating the specimen at 50°C for 2 hr) in 
serum |12]. Yagi et al. used 3,4-dinitrophenol-N-acetyl-B-p-glucosaminide to 
measure the enzymatic activity of 3-hexosaminidase in urine in aqueous 
solution at pH 5.0. The authors used 400 nm for measuring the absorbance 
of 3,4-dinitrophenol released from the substrate by enzymatic activity, and 
the absorbance was used to determine the activity of 6-hexosaminidase in 
urine [41]. Makise et al. developed a kinetic rate assay for urinary N-acetyl- 
B-p-glucosaminidase (($-hexosaminidase) using 2-chloro-4-nitrophenyl-N- 
acetyl-8-p-glucosaminide as substrate. The authors noted that their method 
can be adopted on various automated analyzers [42]. Yamada and Fujita 
used 2,4-dinitrophenyl-1-thio-N-acetyl-3-p-glucosaminide as the substrate for 
measuring urinary activity of 8-hexosaminidase in patients with renal disease. 
The analysis is based on the fact that enzyme hydrolyzes the substrate, thus 
liberating 2,4-dinitrothiophenol, a chromogen that can be measured at 
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400 nm spectrophotometrically. The authors selected pH 4.6 as the optimum 
pH for the enzymatic reaction [43]. Fluorometric measurement of the activity 
of 6-hexosaminidase in human urine using 4-methyllumbelliferyl-N-acteyl- 
B-p-glucosaminide as a substrate has also been reported. The author used 
microtiter plates and an automated reader to measure the fluorescence 
of 4-methyllumbelliferone liberated from the substrate due to the 
enzymatic action of $-hexosaminidase present in urine specimens [44]. 
Chemiluminescent detection has also been reported for measuring urinary 
activity of 3-hexosaminidase using ortho-aminophthalylhydrazido-N-acetyl- 
B-p-glucosaminide as the substrate [45]. 


Isaksson and Hultberg developed an enzyme immunoassay using monoclo- 
nal antibody for the determination of 8-hexosaminidase isoenzymes A and B 
in human serum. The enzyme immunoassay for isoenzyme B reacted simi- 
larly to those for isoenzyme P and intermediate forms. The authors observed 
an excellent correlation between total B-hexosaminidase activity in human 
serum obtained by the conventional enzyme substrate method and total 
6-hexosaminidase activity obtained as a sum of isoenzymes A and B as deter- 
mined by enzyme immunoassays. In addition, the proportion of isoenzyme 
A obtained by the enzyme immunoassay method was similar to values 
obtained by isoelectric focusing as well as ion exchange chromatography 
(~60% of total 6-hexosaminidase activity). Moreover, enzyme immunoassay 
specific for B isoenzyme showed that increased total 8-hexosaminidase activi- 
ties in sera of patients with liver cirrhosis and cholestasis were attributable to 
increased activity of hexosaminidase B isoenzyme, as expected [46]. Numata 
et al. developed an enzyme-linked immunosorbent assay (ELISA) using a 
monoclonal antibody for analysis of hexosaminidase isoenzyme B in human 
urine after raising antibody against the isoenzyme obtained from human pla- 
centa [47]. Tanaka et al. developed a centrifugal microfluidic platform that is 
also known as Lab-CD (lab on a computer disc) for analysis of urinary activ- 
ity of N-acetyl-3-p-glucosaminidase (6-hexosaminidase) [48]. Various meth- 
ods used to measure $-hexosaminidase activities in serum or urine are listed 
in Box 7.2. 


7.5 ACETALDEHYDE—PROTEIN ADDUCTS AS ALCOHOL 
BIOMARKERS 


Acetaldehyde is the first and major product of alcohol metabolism, and it is 
formed in the liver by alcohol dehydrogenase. Although short-lived, acetalde- 
hyde is a toxic metabolite of alcohol and a carcinogen. Acetaldehyde is a 
highly reactive compound and is a strong electrophilic chemical species that 
can strongly react with a nucleophilic compound such as protein to form a 
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BOX 7.2 ANALYTICAL METHODS FOR ANALYSIS OF 6-HEXOSAMINIDASE 
IN SERUM AND URINE 


Electrophoresis as ultraviolet detection at 400 nm [which detects 
Isoelectric focusing 3,4-dinitrophenol), fluorescence detection, or 
Capillary zone electrophoresis chemiluminescence detection; these can be used 
lon exchange chromatography depending on the substrate employed. Heat-stable 
Measuring enzymatic activity using 4-nitrophenol-N- isoenzyme can be measured after deactivating 
acetyl-B-p-glucosaminide or a derivative of this heat-labile isoenzyme (A and S) by heating the 
substrate—such as 3,4-dinitrophenol-N-acetyl-6-p- specimen at 50°C for 2 hr 

glucosaminide and 4-methylumbelliferyl-N-acteyl-B-p- m Enzyme immunoassay 

glucosaminide—using various detection methods, such m ELISA 





Schiff base, thus forming acetaldehyde—protein adducts. As a result, acetalde- 
hyde can form adducts with plasma proteins such as albumin, lipoproteins, 
erythrocyte membrane proteins, hemoglobin, and also DNA. Acetaldehyde 
easily forms adduct with human serum albumin in subjects consuming alco- 
hol [49]. Acetaldehyde reacts primarily with lysine residues of proteins to 
form a stable product, N*-ethyl lysine (NEL), through formation of 
unstable intermediate first. Mabuchi et al. used gas chromatography— 
negative ion chemical ionization mass spectrometry for analysis of NEL resi- 
due in human plasma after hydrolysis of protein fraction using pronase E in 
the presence of stable isotope-labeled internal standard followed by derivati- 
zation using pentafluorobenzyl bromide. The authors observed significantly 
elevated levels of NEL in alcoholic patients (mean, 1.17 NEL/1000 lysine) 
compared to control subjects (mean: 0.26 NEL/1000 lysine), indicating that 
NEL in plasma may be used as an alcohol biomarker [50]. In general, acetal- 
dehyde adducts to hemoglobin, measurement of IgA antibodies against 
acetaldehyde-modified erythrocyte proteins, and acetaldehyde—albumin 
adducts may also be used as potential alcohol biomarkers. Latvala et al. 
developed antibodies against low-density lipoprotein (LDL)—acetaldehyde 
adduct, very low-density-lipoprotein (VLDL)—acetaldehyde adduct, and 
bovine serum albumin—acetaldehyde adduct and reported that these antibo- 
dies reacted with protein adducts generated at physiologically relevant acetal- 
dehyde concentration in vitro. In addition, the antibody prepared against 
VLDL—acetaldehyde adduct provided the best detection of acetaldehy- 
de—protein adduct in vivo in alcoholics compared to control subjects [51]. 


7.5.1 Acetaldehyde—Hemoglobin Adducts 


Stevens et al. showed that at physiological concentration, acetaldehyde forms 
adduct with hemoglobin A, producing a minor variant of hemoglobin [52]. 
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In general, alcoholics show normal glycosylated hemoglobin A,, (HbA,,) but 
an elevated level of minor hemoglobin that is attributable to hemoglo- 
bin—acetaldehyde adduct. Using high-performance liquid chromatography 
(HPLC), hemoglobin—acetaldehyde adduct can be separated from other 
hemoglobin variants, such as HbA;.. In general, lysine residues as well as ter- 
minal valine residues on hemoglobin molecules are sites of attack by acetal- 
dehyde. Stable Schiff base adducts are formed with N-terminal peptides of 
hemoglobin 8 chain as well as with -amino groups of lysine due to reaction 
with acetaldehyde [53]. Hazelett et al. used cation exchange HPLC for analy- 
sis of hemoglobin—acetaldehyde adduct in red blood cell hemolysates of 
182 patients consecutively admitted to the drug and alcohol treatment unit 
of the authors’ institute. The mean hemoglobin—acetaldehyde adduct in 
patients who reported drinking more than six drinks per day was significantly 
higher (mean, 0.055% total hemoglobin) than that of those who consumed 
fewer than six drinks per day (mean, 0.026% total hemoglobin). If a cutoff 
score of 0.030% was assumed, it had 67% sensitivity and 77% specificity as 
an alcohol biomarker. A cutoff score of 0.08% produced 100% specificity, 
but the sensitivity was reduced to 20%. The authors observed no significant 
gender difference in the levels of hemoglobin—acetaldehyde adduct. The 
authors concluded that the hemoglobin—acetaldehyde adduct as an alcohol 
biomarker has better sensitivity and specificity than other alcohol biomar- 
kers, including ALT, AST, and MCV [54]. 


Lin et al. developed an ELISA assay for measuring hemoglobin—acetaldehyde 
adducts and showed that alcoholics had higher levels of such adducts com- 
pared to controls [55]. Hemoglobin—acetaldehyde adduct can also be detected 
by liquid chromatography combined with time-of-flight mass spectrometry. 
In one study, it was observed that elevated levels of hemoglobin—acetaldehyde 
adducts (measured by 21 modified peptide fragments generated by tryptic 
digestion) indicated recent alcohol consumption because values were reduced 
during a 5-day period of abstinence [56]. Hemoglobin—acetaldehyde adduct 
has potential to be an effective alcohol biomarker, but due to technical 
difficulties, assays are not readily available for routine application in clinical 
laboratories [57]. 


7.5.2 Acetaldehyde—Erythrocyte Protein Adducts 


Excessive alcohol consumption leads to the formation of circulating antibo- 
dies, mostly IgA, capable of recognizing sequential and conformational epi- 
topes generated due to covalent binding between proteins and acetaldehyde. 
In alcoholic patients with liver disease, serum IgA level is often increased 
coincident with abnormal IgA tissue deposition. It has been suggested that 
this anti-adduct IgA can be used as an alcohol biomarker. Hietala et al. 
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developed an ELISA assay to measure specific IgA antibodies against acetalde- 
hyde—erythrocyte protein adducts. For this purpose, microtiter plates were 
coated with acetaldehyde-modified red cell proteins (or unmodified pro- 
teins), and, after incubation with human serum overnight, antigen—antibody 
complexes were detected using alkaline phosphatase-linked goat anti-human 
immunoglobulin IgA. The authors used p-nitrophenyl phosphate solution for 
colorimetric detection (absorption measured at 405nm). The authors 
observed that mean anti-adduct IgA titer was higher in alcoholics who con- 
sumed 40—540 g of alcohol per day (198 U/L) compared to moderate drin- 
kers who consumed 1—40 g of alcohol per day (58 U/L) and nondrinkers 
(28 U/L). The authors reported that the sensitivity and specificity of this 
marker were 73 and 94%, respectively. During abstinence, this marker was 
reduced by approximately 3% for each day of abstinence [58]. 


7.5.3 IgA Antibody Against Acetaldehyde-Modified Bovine 
Serum Albumin 


Proteins modified in vitro by acetaldehyde have been shown to have immu- 
nogenic properties, and circulating antibodies against these acetaldehyde— 
protein adducts have been demonstrated in mice and rats fed alcohol as 
well as in human alcoholics. Worrall et al. developed an ELISA by coating 
microtiter plates with acetaldehyde-modified bovine serum albumin or 
unmodified bovine serum albumin to detect circulating immunoglobulin 
against such acetaldehyde—albumin adducts. For this purpose, after incubat- 
ing with sera from alcoholics or controls, microtiter plates were further incu- 
bated with biotinylated antibodies for total human immunoglobulin or 
class-specific immunoglobulin (IgA, IgG, or IgM). Social drinkers demon- 
strated elevated IgM reactivity with acetaldehyde-modified bovine serum 
albumin, whereas alcoholics and heavy drinkers showed elevated IgA as well 
as elevated IgM immunoreactivities against such modified protein. No eleva- 
tion of IgG was observed in any subjects (alcoholics or social drinkers). The 
authors concluded that elevated IgA reactivity with acetaldehyde-modified 
epitopes in heavy drinkers (alcohol intake >130g per week for females 
and >150g per week for males) is a potential alcohol biomarker [59]. 
Various acetaldehyde—protein adducts that may be used as alcohol biomar- 
kers are listed in Table 7.2. 


7.6 DOLICHOL AS ALCOHOL BIOMARKER 


Dolichol, a homologous series of a-saturated polyisoprenoid alcohols con- 
taining 14—24 isoprene units, is synthesized by a common isoprenoid path- 
way from acetate and accumulates in tissues during aging [60]. Roine et al. 
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Table 7.2 Commonly Used Acetaldehyde—Protein Adducts as Alcohol 
Biomarkers 


Acetaldehyde—Protein Adducts Comments 


Hemoglobin—acetaldehyde adduct This can be measured by cation exchange 
chromatography, liquid chromatography 
combined with time-of-flight mass spectrometry, 
immunoassay, and carbon-13 nuclear magnetic 
resonance ('SC-NMR). Cutoff level determines 
sensitivity and specificity of the assay. 
Hemoglobin—acetaldehyde adduct has the 
greatest potential as an alcohol biomarker among 
various acetaldehyde—protein adducts, but due 
to technical difficulty, assays are not readily 
available in clinical laboratories for routine 
application. 


Acetaldehyde—erythrocyte protein In general, these adducts are measured indirectly 

adducts by measuring circulating IgA in serum directed 
against them. In one study, the authors observed 
a sensitivity of 73% and specificity of 94%. 
However, this alcohol biomarker is not routinely 
tested in clinical laboratories and is more or less 
a research tool. 

IgA antibody against acetaldehyde- Albumin is a major protein found in serum. 

modified bovine serum albumin Circulating IgA antibodies that recognize 
acetaldehyde-modified bovine serum albumin 
can also be used as an alcohol biomarker. 
However, this biomarker is not routinely tested in 
Clinical laboratories. 





reported that urinary dolichol normalized to urinary creatinine was signifi- 
cantly higher in alcohols than in controls. The authors also commented that 
sensitivity of urinary dolichol in identifying alcoholics was 68% compared to 
44% sensitivity for GGT. The control group had only 3.9% false-positive 
results. The authors concluded that urinary dolichol is a potential alcohol 
biomarker [61]. In another study, the authors measured serum dolichol 
levels using HPLC and observed that serum dolichol levels were significantly 
higher among 95 alcoholics (mean, 182.7 ng/mL) compared to 41 social 
drinkers (mean, 142.1 ng/mL). However, in alcoholics, the higher serum 
dolichol levels did not decrease as rapidly as urine dolichol levels when these 
individuals practiced abstinence [62]. Stetter et al. also studied dolichol as a 
potential biomarker using 21 alcohol-dependent subjects and 21 healthy 
controls and employing HPLC for analysis of dolichol. The authors observed 
that urinary dolichol was only slightly elevated in alcoholics compared to 
controls, and when dolichol was normalized to urinary creatinine (dolichol/ 
creatinine; micrograms/millimoles), no difference between alcoholic subjects 


and control subjects was seen. In addition, the authors determined that the 
sensitivity of urinary dolichol as an alcohol biomarker was only 9—19%, 
which was significantly inferior to that of GGT. They concluded that the util- 
ity of urinary dolichol as an alcohol biomarker was doubtful [63]. 


7.7 CONCLUSIONS 


Serum and urinary total ($-hexosaminidase levels as well as serum 
6-hexosaminidase heat-stable isoenzyme fraction (B, P, and intermediate 
forms) are useful as alcohol biomarkers and superior to GGT but comparable 
to CDT. Compared to $-hexosaminidase, the acetaldehyde—protein adduct 
is less commonly used as an alcohol biomarker, and only hemoglo- 
bin—acetaldehyde adduct has potential as an alcohol biomarker. However, 
such tests are not routinely available in clinical laboratories. In contrast, mea- 
surement of 3-hexosaminidase levels in serum is readily available as a test in 
many large medical centers and reference laboratories because 3-hexosamini- 
dase levels are significantly reduced in patients with Tay—Sachs disease and 
this test is used as a diagnostic test along with molecular testing. Use of doli- 
chol as an alcohol biomarker is questionable. Moreover, only chro- 
matographic methods are available for analysis of dolichol in serum or 
urine. 


Salsolinol, a condensation product between dopamine and acetaldehyde, 
may play a role in alcoholism, but the use of salsolinol as an alcohol bio- 
marker is controversial because salsolinol levels in humans are increased sig- 
nificantly after banana intake. Moreover, acute ethanol intake may not 
change plasma salsolinol levels in humans [64]. 
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CHAPTER 8 


Direct Alcohol Biomarkers Ethyl 


Glucuronide, Ethyl Sulfate, Fatty Acid Ethyl 


Esters, and Phosphatidylethanol 


8.1 INTRODUCTION 


Biomarkers for alcohol can be broadly classified as “indirect markers” and 
“direct markers” of alcohol use. Common markers such as 4-glutamyl trans- 
ferase (GGT; also known as +-glutamyl transpeptidase), mean corpuscular 
volume (MCV), carbohydrate-deficient transferrin (CDT), and 6-hexosamini- 
dase are indirect markers of alcohol consumption because these markers 
are elevated as a consequence of alcohol abuse but not directly related to 
alcohol. Although acetaldehyde—protein adducts such as acetaldehyde— 
hemoglobin and adducts of acetaldehyde with erythrocyte membrane pro- 
teins are direct markers of alcohol consumption, due to the unavailability of 
commercially available assays, these markers are not routinely used in clini- 
cal practice. However, ethyl glucuronide and ethyl sulfate are direct alcohol 
biomarkers because these are minor metabolites of alcohol. Similarly, fatty 
acid ethyl esters and phosphatidylethanol are also direct alcohol biomarkers 
because these products are formed due to the reaction of alcohol with fatty 
acids and phosphatidylcholine, respectively. 


Ethyl glucuronide and ethyl sulfate are minor metabolites of alcohol that are 
found in various body fluids and also in human hair. Ethyl glucuronide is 
formed by the direct conjugation of ethanol and glucuronic acid through the 
action of a liver enzyme. Ethyl sulfate is formed directly by the conjugation 
of ethanol with a sulfate group. These compounds are water soluble. Fatty 
acid ethyl esters are also direct markers of alcohol abuse because they are 
formed due to the chemical reaction between fatty acids and alcohol. Fatty 
acid ethyl esters are formed primarily in the liver and pancreas and then are 
released into the circulation. These compounds are also incorporated into 
hair follicles through sebum. Phosphatidylethanol is formed via the action of 
phospholipase D in the presence of ethanol. Various characteristics of ethyl 
glucuronide, ethyl sulfate, fatty acid ethyl esters, and phosphatidylethanol as 
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alcohol biomarkers are listed in Table 8.1. Pathways for forming these bio- 
markers are shown in Figure 8.1. 


One advantage of ethyl glucuronide and ethyl sulfate compared to many 
alcohol biomarkers (most commonly indirect markers) is that any consump- 
tion of alcohol can cause detectable ethyl glucuronide and ethyl sulfate in 
blood or urine. Therefore, unlike markers such as MCV, GGT, or CDT, which 
are markers for heavy alcohol consumption, ethyl glucuronide or ethyl sul- 
fate values in blood or urine reflect any amount of alcohol consumption and 
not just heavy alcohol consumption. Moreover, ethyl glucuronide and ethyl 
sulfate can be detected in blood and urine within hours of alcohol consump- 
tion, whereas conventional markers such as CDT and %CDT require 1 week 
before a significant change in values can be observed after repeated heavy 
drinking for at least 1 week. 


8.2 ETHYL GLUCURONIDE AND ETHYL SULFATE 


Ethyl glucuronide and ethyl sulfate are minor metabolites of alcohol that are 
formed through the non-oxidative pathway, whereas the major metabolic 
pathway of alcohol is the oxidative pathway involving alcohol dehydroge- 
nase. Alcohol dehydrogenase oxidizes alcohol into acetaldehyde and then 
aldehyde dehydrogenase, which further oxidizes acetaldehyde into acetate. In 
alcoholics, alcohol may also be oxidized by CYP2E1 in the liver (see 
Chapter 2). 


Formation of ethyl glucuronide is characterized by the addition of glucuronic 
acid to ethanol, and this metabolic pathway is catalyzed by the uridine 5’- 
diphospho (UDP)-glucuronosyltransferase superfamily of enzymes. Multiple 
isoenzymes of UDP-glucuronosyltransferase (UGT) are involved in catalyzing 
the formation of ethyl glucuronide, but isoforms UGT1A1 and UGT2B7 play 
a major role in such transformation. Approximately 0.02—0.06% of the total 
amount of ethanol consumed is eliminated as ethyl glucuronide in urine. 
However, clearance of ethyl glucuronide takes place at a much slower rate 
than clearance of alcohol [1]. It is usually assumed that ethyl glucuronide 
may be detected for up to 2 or 3 days in urine after alcohol consumption, 
but after heavy consumption it may be detected for as long as 5 days. 


Like ethyl glucuronide, ethyl sulfate is a minor metabolite of ethanol. 
Experiments on laboratory animals such as rabbits and rats have demonstrated 
that ethanol undergoes sulfate conjugation with 3’-phosphoadenosine-5’- 
phosphosulfate through the action of the cytosolic enzyme sulfotransferase, 
yielding ethyl sulfate. Using mass spectrometry, ethyl sulfate has been charac- 
terized in humans after alcohol consumption [2]. The sulfoconjugation 
of small molecules such as ethyl alcohol is mediated through soluble 


8.2 Ethyl Glucuronide and Ethyl Sulfate as 


Table 8.1 Characteristics of Ethyl Glucuronide, Ethyl Sulfate, Fatty Acid Ethyl Esters, and 
Phosphatidylethanol as Alcohol Biomarkers 


Alcohol Biomarker 


Ethyl Glucuronide 

Can be measured in 
serum but is commonly 
measured in urine; also 
may be measured in hair 
and meconium 


Ethyl Sulfate 
Commonly measured in 
urine 


Cutoff Level 


m Although cutoff levels of 


500 ng/mL for urinary 
ethyl glucuronide and 
200 ng/mL for urinary 
ethyl sulfate have been 
used by some 
laboratories, in order to 
show total abstinence, 
100 ng/mL cutoff is 
most appropriate for 
ethyl glucuronide and 
25 ng/mL for ethyl 
sulfate. 

4 to 30 pg/mg cutoffs 
in hair have been 
proposed for ethyl 
glucuronide. A value 
greater than 30 pg/mg 
indicates chronic heavy 
consumption of alcohol 
(60 g or more per day). 
German guidelines for 
re-granting a driver’s 
license recommend a 
cutoff level of 100 ng/mL 
for urinary ethyl 
glucuronide and 

7 pg/mg for hair ethyl 
glucuronide to 
document complete 
abstinence. 

For meconium, cutoff 
values of 50 or 

120 ng/g have been 
suggested. 


25 ng/mL of ethyl 
sulfate in urine as a 
cutoff has been 
suggested to establish 
complete abstinence. 
However, a cutoff value 
as high as 200 ng/mL 
has also been 
suggested. 


Detection Window 


Blood up to 8 hr. 

Urine up to 130 hr but 
commonly 2 or 3 days 
after moderate 
consumption (0.5 g/kg 
of body weight). Urinary 
glucuronide is 
sometimes referred to 


as the 80-hr test for 
al 


cohol, but unless a 
person consumes a 
large amount of 
cohol, this detection 
window is unrealistic. 
Patients with renal 
insufficiency may have 
a longer window of 
detection of ethyl 
glucuronide and ethyl 
sulfate in urine 
compared to healthy 
people. 

In hair, the detection 
window may be up to 
3 months. 





Up to 2 days after 
moderate consumption 
(0.5 g/kg of 
bodyweight). 
Concentration may be 
less than that of ethyl 
glucuronide. 


Comments 


m Direct alcohol biomarker 


formed via a minor 
metabolic pathway 
involving UDP- 
ucuronosyltransferase 
nzyme and appears in 
the urine within 1 hr of 
consuming alcohol. 

hyl glucuronide is 
found in hair. The level 
of ethyl glucuronide in 
pubic hair may be 
slightly higher than that 
in scalp hair. 





Direct alcohol biomarker 
formed via a minor 
metabolic pathway 
involving sulfotransferase 
and appears in the urine 
within 1 hr of alcohol 
consumption. It is usually 
measured in urine. 





Continued... 


Alcohol Biomarker 


Fatty Acid Ethyl Esters 
Can be measured in 
serum but are commonly 
measured in hair and 
meconium. 


CHAPTER 8: Direct Alcohol Biomarkers 


Table 8.1 Characteristics of Ethyl Glucuronide, Ethyl Sulfate, Fatty Acid Ethyl Esters, and 
Phosphatidylethanol as Alcohol Biomarkers Continued 


Cutoff Level 


m 0.5 ng/mg of hair is the 
cutoff for living people 
and 0.8 ng/mg is the 
cutoff in postmortem 
cases, with sensitivity 
and specificity of 
approximately 90% to 


Detection Window 


m Upto 24hr in serum, 


but a much longer 
window of detection in 
hair (~3 months). 
Therefore, it is most 
commonly measured 
in hair. 


Comments 


a Fatty acid ethyl esters 


are formed due to 
esterification of fatty 
acids by ethanol. 
Usually, four to six fatty 
acids that are found in 
appreciable 


concentrations are used 
abuse (> 60 g/day) for calculation of total 
from social drinking. fatty acid ethyl ester 
For meconium, levels. 

500 ng/g or 2 nmol/g 

(600 ng/g) has been 

used. 


differentiate alcohol 


Phosphatidylethanol 
Commonly measured in 
whole blood. 


Not established, but 
levels from 0.2 to 

0.7 pmol 

(140—492 ng/mL) have 
been suggested in 
whole blood. In 
Sweden, 0.7 pmol/L 
has been adopted as 
the clinical cutoff. 


Up to 14—21 days after 
abstinence in heavy 
alcohol users. 


Phosphatidylethanol is 
measured in whole 
blood (membrane 
phosphatidylethanol 
formed on erythrocyte 
membrane by the action 
of phospholipase D on 
phosphatidylcholine). 
Two major molecular 
species are 16:0/18:1 
and 16:0/18:2. However, 
48 different molecular 
species have been 
characterized. Specificity 
is almost 100%. 





sulfotransferases, which are members of a common gene/enzyme family 
termed SULT. A total of 11 SULT forms have been identified in humans, and 
dietary and physiological factors (hormonal status, menstrual cycle, blood 
pressure, obesity, and selenium deficiency) affect the expression of SULT. 
Members of the SULT2 family are often termed alcohol sulfotransferases and 
members of the SULT1 family, “phenol sulfotransferases,” the highest activity 
being observed with SULT1B1, followed by SULT1A2, SULT1A3, and 
SULT1C2. If the expression levels in tissues are also taken into account, then 
SULT1A3 may be the predominant form for the sulfonation of ethanol in vitro 
[3]. A very small fraction of ethanol ingested is excreted as ethyl sulfate 
(0.010—0.016% of the total ethanol dosage). 
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R—O— Excreted unchanged in 
urine, sweat, and breath 
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FIGURE 8.1 Alcohol metabolism and formation of non-oxidative metabolites. 

ADH, alcohol dehydrogenase; ALDH, acetaldehyde dehydrogenase; EtG, ethyl glucuronide; EtS, ethyl sulfate; FA, fatty acids; 

FAEE, fatty acid ethyl esters; LP, lipoproteins; PC, phosphatidylcholine; PEth, phosphatidylethanol; PL, phospholipid; PLD, phospholipase 
D; TG, triglycerides; UDP, uridine 5’-diphospho. Source: From Maenhout et al. [4]. © Elsevier. Reprinted with permission. 
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8.3 ETHYL GLUCURONIDE AND ETHYL SULFATE 
AS ALCOHOL BIOMARKERS 


In general, ethyl glucuronide can be detected in blood, urine, or hair speci- 
mens. Ethyl sulfate is measured either in urine or in blood. Most investiga- 
tors have used blood and/or urine to study kinetics and other aspects of 
ethyl glucuronide or ethyl sulfate. Ethyl glucuronide and ethyl sulfate may 
also be determined in meconium and maternal hair. 


Both ethyl glucuronide and ethyl sulfate are excellent direct biomarkers of 
alcohol. After variable dosages of ethanol, ethyl glucuronide appears in serum 
approximately 45 min after the appearance of alcohol in blood. The maxi- 
mum ethyl glucuronide concentration in blood is reached at between 2.0 and 
3.5 hr, and there are significant interindividual variations. Hoiseth et al. stud- 
ied the pharmacokinetics of ethyl glucuronide in blood and urine using 10 
male volunteers who consumed alcohol at a fixed dosage of 0.5 g/kg of body 
weight in a fasting stage. The authors collected blood specimens for 14 hr and 
urine specimens for 45—50 hr following consumption of alcohol, and they 
observed that median time for maximum blood ethyl glucuronide concentra- 
tion was 4hr (range, 3.5—5 hr), whereas peak alcohol concentration was 
observed at between 0.5 and 2.0 hr (median, 1.0 hr). The median half-life of 
elimination of ethyl glucuronide from blood was 2.2 hr (range, 1.7—3.1 hr). 
Blood alcohol was detected up to 5.0—7.0 hr after consumption of alcohol, 
whereas ethyl glucuronide in blood was detected up to 10—14 hr after con- 
sumption (median, 10 hr). The urinary concentration of ethyl glucuronide 
was generally much higher than the serum concentration. For example, the 
maximum median blood ethyl glucuronide concentration was 0.32 mg/L 
(320 ng/mL), whereas the median urinary maximum ethyl glucuronide con- 
centration was 46.5 mg/L (46.5 pg/mL or 46,500 ng/mL). The median time of 
detection of ethyl glucuronide in urine was 30 hr. The total amount of ethyl 
glucuronide excreted in urine (21.5—39.7 mg) represented only 0.017% of 
total ethanol consumed on a molar basis [5]. 


Halter et al. studied serum and urinary excretion of ethyl glucuronide and 
ethyl sulfate after consumption of a moderate amount of alcohol by 
13 volunteers. The peak ethyl glucuronide concentration was observed 
4 hr (mean value) after initiation of drinking, whereas peak ethyl sulfate 
level was reached 3.0 hr (mean value) after initiation of drinking. The 
mean time difference between reaching maximum blood alcohol level and 
blood ethyl glucuronide level was 2.3 hr, whereas for ethyl sulfate the dif- 
ference was 1.2 hr. Maximum serum ethyl glucuronide and ethyl sulfate 
levels showed wide interindividual variations and did not correlate with 
serum ethanol level. Mean time for peak urinary ethyl glucuronide concen- 
tration after initiation of drinking was 6.2 hr, whereas for ethyl sulfate the 
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mean peak time for maximum urinary concentration was 5.3 hr [6]. In a 
study of 32 alcohol-dependent patients who had a blood alcohol level of 
100—340 mg/dL on admission to the hospital, Helander et al. observed 
that detection time of ethyl glucuronide in urine was weakly correlated 
with initial alcohol concentration. Ethyl glucuronide in urine was detected 
(at a cutoff level <0.5 pg/mL (500 ng/mL)) for up to 130 hr (median win- 
dow of detection, 78 hr; range, 40—130 hr), with a similar time course 
observed for ethyl sulfate. The authors concluded that during alcohol 
detoxification, ethyl glucuronide and ethyl sulfate remained detectable in 
urine for several days, and the detection window also showed wide inter- 
individual variations [7]. In contrast, Wurst et al. reported that both ethyl 
glucuronide and ethyl sulfate could be detected in urine for up to 36 hr 
after consumption of ethanol [8]. Such wide variations in the detection 
window reported by different investigators may be related to the amount 
of alcohol consumed by subjects as well as the wide interindividual varia- 
tion in metabolism of alcohol through minor metabolic pathways produc- 
ing ethyl glucuronide or ethyl sulfate. However, renal impairment may 
prolong detection time of ethyl glucuronide and ethyl sulfate in patients 
with decreased renal function [9]. 


Only a very small amount of ethyl glucuronide (picograms per milligram of 
hair) is deposited in hair, and until recently, detecting such a small amount 
of ethyl glucuronide was a major analytical challenge. However, with the 
development of liquid chromatography combined with tandem mass spec- 
trometry (LC—MS/MS), detecting ethyl glucuronide at 0.7 pg/mg of hair can 
be achieved, making possible the determination of ethyl glucuronide in hair 
at a very low concentration [10]. Therefore, ethyl glucuronide in hair has rel- 
atively recently begun to be used as an alcohol biomarker. One advantage of 
analysis of ethyl glucuronide in hair is that this biomarker can be detected 
months after alcohol consumption and it has the longest window of detec- 
tion compared to blood or even urine. Morini et al. described the determina- 
tion of ethyl glucuronide and ethyl sulfate in maternal hair and meconium 
and observed that of 99 specimens analyzed, ethyl glucuronide was detected 
in 82 meconium specimens and ethyl sulfate in only 19 specimens. However, 
neither maternal nor neonatal hair appears to be a good predictor of gesta- 
tional alcohol consumption and subsequent fetal exposure in mother—infant 
dyads [11]. Because urine may be diluted or concentrated, some authors 
express urinary ethyl glucuronide or ethyl sulfate concentration as micrograms 
per gram of creatinine. Alternatively, the ethyl glucuronide (EtG) level can be 
normalized to 100 mg/dL of creatinine, and this is often referred as EtGy go. 
Individuals may attempt to beat the ethyl glucuronide test in urine by diluting 
urine specimens, and some laboratories may reject a specimen if the creati- 
nine concentration in urine is less than 20 mg/dL. 
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8.3.1 Ethyl Glucuronide and Ethyl Sulfate Observed Due 
to Incidental Exposure to Alcohol 


A very low level of ethyl glucuronide or ethyl sulfate may be observed in 
blood or urine due to incidental exposure to ethyl alcohol-containing pro- 
ducts such as mouthwash and handwash or from the consumption of nonal- 
coholic beer and wine. Moreover, eating certain foods, such as ripe bananas, 
may results in detectable amounts of ethyl glucuronide in urine. Therefore, a 
cutoff concentration must be established to differentiate between incidental 
exposures to alcohol and the direct consumption of alcohol. Various causes 
of positive ethyl glucuronide in urine other than the consumption of alcohol 
are listed in Table 8.2. 


Thierauf et al. observed that after consuming nonalcoholic beer, the urinary 
concentrations of ethyl glucuronide and ethyl sulfate were 0.30—0.87 pg/mL 
(300—870 ng/mL) and 0.04—0.07 pg/mL (40—70 ng/mL), respectively, which 
should be considered as positive if a cutoff concentration of 0.1 pg/mL 
(100 ng/mL) for ethyl glucuronide was selected. However, these volunteers 
each consumed 2.5L of nonalcoholic beer, which could be considered an 
excessive amount for one session. The positive ethyl glucuronide and ethyl 
sulfate in urine may be due to the presence of a very small amount of ethanol 
(up to 0.5% by volume) present in nonalcoholic beers [12]. Hoiseth et al. 


Table 8.2 Causes of Detectable Ethyl Glucuronide and Ethyl Sulfate in Urine 


Source of Exposure Comments 


Nonalcoholic beer Ethyl glucuronide in the range of 300—870 ng/mL and ethyl sulfate in the range of 

40—70 ng/mL have been reported in urine of volunteers who consumed a very large 

amount (2.5 L) of nonalcoholic beer. 

Nonalcoholic wine Drinking a large amount of nonalcoholic wine (750 mL) may result in the presence of ethyl 

sulfate in urine but no ethyl glucuronide. 

Ethanol-containing After extensive gargling with mouthwash containing alcohol, the highest ethyl glucuronide 

mouthwash and ethyl sulfate levels were 173 and 104 ng/mL, respectively, in urine in one study. 

Ethanol-containing After very extensive use of high-ethanol-containing hand sanitizer, a maximum ethyl 

hand sanitizer glucuronide concentration of 2001 ng/mL in urine was observed in one subject. The 
maximum ethyl sulfate level was 84 ng/mL. 

Yeast in combination Eating bakers’ yeast and sugar resulted in the highest urinary ethyl glucuronide and ethyl 

with sugar sulfate levels of 500 and 1050 ng/mL, respectively. Peak concentration was observed 
4.5 hr after consuming bakers’ yeast and sugar. However, consuming brewers’ yeast 
tablets with sugar did not produce any detectable ethyl glucuronide or sulfate in urine. 

Fruit juices Drinking a large amount of apple juice is not associated with detectable ethyl glucuronide 
or ethyl sulfate in urine, but drinking grape juice may result in a detectable amount of ethyl 
sulfate in urine (but no ethyl glucuronide). 

Ripe bananas Eating ripe bananas may cause detectable amounts of ethyl glucuronide and ethyl sulfate 
in urine. 
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reported that no ethyl glucuronide was observed in any urine specimens of 
12 subjects after the latter had consumed a large amount of nonalcoholic 
wine (750 mL). However, small amounts of ethyl sulfate were detected in 
urine specimens, and the maximum observed concentration was 2.15 pg/mL 
(a small amount of ethyl sulfate may be present in nonalcoholic wine). 
Moreover, no ethyl glucuronide or ethyl sulfate was detected in any urine spe- 
cimens when subjects used mouthwash containing 0.2 g/L of alcohol [13]. 


Reisfield et al. studied the effect of intensive exposure to high ethanol content 
mouthwash on urinary excretion of ethyl glucuronide and ethyl sulfate using 
10 volunteers who gargled with Listerine antiseptic four times daily for 
3 days and 6 hr. This mouthwash product contains 26.9% alcohol. Prior to 
the experiment, no subjects had any urinary ethyl glucuronide, but 2 subjects 
showed very small amounts of ethyl sulfate (6 and 82 ng/mL). The authors 
observed no urinary ethanol in any subjects during the experiment, and 
only 1 subject showed a detectable amount of ethyl glucuronide in urine 
(173 ng/mL) 2 hr post-gargling on the final day of the experiment. Although 
ethyl sulfate was detected in urine specimens from 7 of 10 subjects (maxi- 
mum concentration, 104 ng/mL), in no specimen were both ethyl glucuro- 
nide and ethyl sulfate detected. The authors concluded that the currently 
accepted cutoff concentration of 500 ng/mL for ethyl glucuronide is adequate 
to distinguish between ethanol consumption and four times daily use of a 
high ethanol content mouthwash [14]. 


Use of alcohol-containing hand sanitizers may also result in detectable 
amounts of ethyl glucuronide and/or ethyl sulfate in urine. Rohrig et al. 
reported that after moderate use of the hand sanitizer Germ-X (every 60 min 
or every 30 min), no ethyl glucuronide or ethyl sulfate was detectable in 
urine of any subjects (measured using LC-MS/MS with a limit of detection 
of 50 ng/mL). However, when subjects used Germ-X (62% ethanol) more 
extensively (every 15 min throughout the workday), an ethyl glucuronide 
concentration of 62 ng/mL was detected in 1 subject. These results indicate 
that use of hand sanitizer containing alcohol should not cause a positive 
ethyl glucuronide result even at a cutoff of 100 ng/mL [15]. In another study, 
11 volunteers used Purell hand sanitizer containing 62% alcohol every 5 min 
for 10 hr on 3 consecutive days. The maximum ethyl glucuronide and ethyl 
sulfate in urine during the course of study were 2001 and 84 ng/mL, 
respectively, indicating that extensive dermal exposure to alcohol may 
produce a significant amount of ethyl glucuronide and ethyl sulfate in 
urine [16]. However, in a study of 5 subjects who intensively used high 
alcohol-containing hand sanitizer and 2 subjects who were merely exposed 
to sanitizer vapor but had no dermal contact, Arndt et al. demonstrated that 
the presence of ethyl glucuronide in urine in these subjects was predomi- 
nantly due to inhalation of ethyl alcohol but not due to transdermal 
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resorption of alcohol. Ethyl glucuronide levels of up to 0.6 g/mL (600 ng/ 
mL) were observed in 2 subjects who were exposed to vapor only and had 
no dermal contact with hand sanitizer [17]. 


Rosano and Lin reported that urine ethyl glucuronide levels in 39 adult abstai- 
ners ranged from less than 10 pg/L to 62 ug/L (<10—62 ng/mL), and such 
levels in 13 children ranged from less than 10 ug/L to 80 pg/L (<10—80 ng/ 
mL). Repeated use of hand sanitizer (60% ethanol) by 9 adults resulted in 
ethyl glucuronide concentrations of less than 10 ng/L to 114 ng/mL in 88 first- 
morning void specimens. In contrast, ethyl glucuronide concentration in urine 
ranged from 12,200 to 83,200 ng/mL after 3—8 hr of consumption of 24 g of 
ethanol by 4 adults. Ethyl glucuronide was detected in urine for 25—39 hr 
after alcohol consumption. The authors concluded that low levels of ethyl glu- 
curonide may be present even in urine of people who are abstainers. 
Moreover, use of hand sanitizer containing high amounts of alcohol may pro- 
duce urine ethyl glucuronide levels greater than 100 ng/mL [18]. 


Thierauf et al. investigated whether consuming barker’s yeast or brewer's 
yeast with sugar caused any in vivo fermentation that may result in 
detectable amounts of ethyl glucuronide or ethyl sulfate in urine. After 
5 days of abstinence, volunteers consumed bakers’ yeast and 50 g of sugar on 
a slice of bread and also consumed 300 mL of water. Eating bakers’ yeast and 
sugar resulted in the highest urinary ethyl glucuronide and ethyl sulfate levels 
of 500 and 1050 ng/mL, respectively. Peak concentration was observed 4.5 hr 
after consuming bakers’ yeast and sugar. However, consuming brewers’ yeast 
tablets with sugar did not produce any detectable ethyl glucuronide or sulfate 
in urine [19]. 


Consuming commercially available fruit juices may result in detectable 
amounts of ethyl glucuronide and/or ethyl sulfate in urine. Musshoff et al. 
reported that freshly opened commercial apple juice contained 0.1—0.4 g/L of 
ethanol, whereas freshly opened commercially available grape juice contained 
0.3—1.8 g/L of ethanol. Ethanol content of grape juice also increased slightly 
during storage. According to German regulations, alcohol concentrations of 
up to 3 g/L are allowed in fruit juices. When volunteers consumed large 
amounts of apple juice (1.1—2.0 L), no ethyl glucuronide or ethyl sulfate was 
detected in any urine specimens. After drinking 1.5—2 L of grape juice, no 
ethyl glucuronide was detected in any urine specimen. However, ethyl sulfate 
was detected, with peak concentrations between 107 and 648 ng/mL. Peak 
concentration was observed between 4.5 and 12.5 hr after drinking fruit juice, 
and ethyl sulfate in urine was detectable for up to 35 hr. After consumption of 
670—690 g of mature peeled bananas, urinary peak concentrations of ethyl 
glucuronide in volunteers ranged from 40 to 120 ng/mL, and peak ethyl 
sulfate concentrations ranged from less than 15 ng/mL to 55 ng/mL. 
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Peak concentrations were observed between 3 and 8 hr after ingestion of 
bananas. Ethyl glucuronide and ethyl sulfate were detectable up to 24 h and 
20 h respectively. In the same investigation, the authors reported that peak uri- 
nary ethyl glucuronide levels ranged from 211 to 512 ng/mL and peak ethyl 
sulfate levels ranged from 134 to 169 ng/mL after volunteers consumed 2 or 
3 L of nonalcoholic beer. The peak concentrations were reached between 5 
and 7.5 hr after consumption of nonalcoholic beer [20]. Such values of ethyl 
glucuronide were comparable to values reported by Thierauf et al. when volun- 
teers consumed 2.5 L of nonalcoholic beer [12]. 


8.3.2 Ethyl Glucuronide and Ethyl Sulfate Cutoff 
Concentrations in Urine 


Both ethyl glucuronide and ethyl sulfate appear in urine within 1 hr of consum- 
ing alcohol, and both are markers of any alcohol consumption—not just heavy 
alcohol consumption. Because small amounts of ethyl glucuronide may be 
present even in teetotalers and after incidental exposure to alcohol such as that 
present in alcohol-containing hand sanitizer or mouthwash, various cutoff con- 
centrations have been proposed to differentiate incidental exposure to ethanol 
from direct consumption of alcohol. Ethyl glucuronide and ethyl sulfate are 
often used as alcohol biomarkers in drug and alcohol rehabilitation programs 
to document abstinence from alcohol by patients. Therefore, a reliable cutoff 
value for ethyl glucuronide and ethyl sulfate in urine is essential. Moreover, 
ethyl glucuronide and ethyl sulfate are often used in forensic investigations, 
and cutoff levels may differ significantly in clinical versus forensic settings. 


A 100 ng/mL (0.1 mg/L) cutoff value for ethyl glucuronide and ethyl sulfate 
in urine has been criticized because in some reports incidental exposure to 
alcohol resulted in a urine ethyl glucuronide level that exceeded 100 ng/mL. 
A cutoff value of 500 ng/mL for ethyl glucuronide is widely used by many 
laboratories, although higher cutoff levels have also been proposed, espe- 
cially in forensic situations. The proposed cutoff value for ethyl sulfate ranges 
from 50 to 200 ng/mL. Although the majority of ethyl glucuronide/ethy! sul- 
fate is eliminated within 24 hr of alcohol consumption, these compounds 
can be detected up to 48hr after consumption of ethanol dosages of 
0.25—0.5 g/kg body weight. Moreover, ethyl glucuronide may be detected up 
to 5 days after heavy alcohol consumption. In a study of 13 patients who 
were heavily intoxicated with alcohol, Albermann et al. observed that after 
36 hr, only 1 of 13 urine specimens tested negative for ethyl glucuronide 
using the 100 ng/mL cutoff, but 8 of 13 specimens could be considered nega- 
tive if the cutoff concentration of 500 ng/mL was used. Moreover, an ethyl 
sulfate concentration of less than 100 ng/mL was observed in 4 of 13 speci- 
mens after 36 hr. The authors also studied the effect of moderate drinking on 
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ethyl glucuronide and ethyl sulfate levels using 12 healthy volunteers who 
consumed a moderate amount of alcohol (one or two glasses of white wine, 
each of which contained 100 mL of wine, or one or two bottles of beer, each 
of which contained 330 mL of beer). Following consumption, an ethyl glucu- 
ronide level greater than 500 ng/mL was observed in 2 urine specimens 
24—27 hr post consumption in individuals who consumed the highest 
amount of alcohol (200 mL of wine or 660 mL of beer). Ethyl sulfate con- 
centration was detectable for up to 28.5 hr. The authors concluded that an 
ethyl glucuronide cutoff of 100 ng/mL seems to be appropriate for determin- 
ing repeated consumption of alcohol, and a false-positive result due to unin- 
tentional alcohol consumption is limited to a few hours. However, 500 ng/ 
mL may be too high to show abstinence. For ethyl sulfate, the authors pro- 
posed a cutoff of 50 ng/mL [21]. 


Although ethyl glucuronide cutoff concentrations of between 100 and 1100 ng/ 
mL (1.1 pg/mL) have been proposed, Kummer et al. proposed a cutoff of 
0.1 pg/mL (100 ng/mL) for both ethyl glucuronide and ethyl sulfate because 
urine analysis of teetotalers shows no ethyl glucuronide or ethyl sulfate above 
that level [22]. In general, a lower cutoff concentration such as 100 ng/mL is 
usually used to demonstrate complete abstinence. Jatlow et al. noted that any 
alcohol consumption at night should be detectable the following morning 
with an ethyl glucuronide cutoff of 100 or even 200 ng/mL. The sensitivity 
was poor after 48 hr regardless of dosage of alcohol (light to moderate drink- 
ing) and regardless of cutoff. The average ratio of ethyl sulfate to ethyl glucu- 
ronide was 0.47 in moderate drinkers and 0.52 in subjects who practiced 
abstinence, thus justifying a cutoff level approximately 50% lower for ethyl 
sulfate compared to ethyl glucuronide. However, the authors observed few 
specimens in which ethyl glucuronide was negative (<100 ng/mL cutoff) but 
ethyl sulfate was positive (>50 ng/mL). The authors also commented that 
testing for both ethyl glucuronide and ethyl sulfate is unnecessary; monitor- 
ing only ethyl glucuronide is sufficient. Moreover, an ethyl glucuronide cutoff 
at 100 ng of ethyl glucuronide per mg of creatinine is suitable for monitoring 
abstinence during the 12- to 24-hr period before testing [23]. 


8.3.3 Ethyl Glucuronide and Ethyl Sulfate Cutoff 
Concentrations in Hair, Meconium, and other Matrices 


In recent years, a great deal of attention has been focused on determining the 
concentration of ethyl glucuronide in hair. Usually, a scalp hair specimen is 
collected by cutting hair using scissors as closely as possible to the skin, and 
an approximately 3-cm proximal segment is used for analysis. A very small 
amount of ethyl glucuronide is present in teetotalers. Pirro et al. reported 
that ethyl glucuronide level in hair was less than 1.0 pg/mg in 95% of 
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abstainers whom they studied (n = 44) [24]. Various cutoff concentrations 
have been proposed for analysis of ethyl glucuronide in hair, where the value 
is expressed as picograms per milligram of hair. A cutoff concentration of 
4 pg/mg of hair could differentiate alcohol intake higher than 30 g/day, 
whereas a cutoff value of 23 pg/mg could differentiate higher alcohol 
consumption of 60 g/day. However, use of a cutoff of 27 pg/mg for daily 
consumption of alcohol greater than 60 g/day for a period of 3 months was 
proposed by Morini et al., who further stated that 27 pg/mg could provide 
the best compromise between sensitivity (92%) and specificity (96%). The 
authors also commented that hair color, gender, age, body mass index, 
smoking, and cosmetic treatment of hair did not influence hair analysis for 
ethyl glucuronide [25]. Based on a meta-analysis of 15 records, Boscolo- 
Berto et al. calculated that the mean ethyl glucuronide concentration in hair 
of social drinkers was 7.5 pg/mg (95% confidence interval (CI), 
4.7—10.2 pg/mg) and in hair of heavy drinkers, 142.7 pg/mg (95% CI, 
99.9—185.5 pg/mg); and in deceased subjects with a known history of 
chronic alcohol abuse, the mean hair glucuronide level was 586.1 pg/mg 
(95% CI, 177.2—995.0 pg/mg). The authors commented that a cutoff of 
30 pg/mg limits the false-negative effect in differentiating heavy drinking 
from social drinking, whereas the 7 pg/mg cutoff may be used only when 
active alcohol use is suspected and not to prove complete abstinence [26]. 


Berger et al. analyzed hair and fingernails from 447 participants (undergradu- 
ate college students) and observed that ethyl glucuronide levels in hair ranged 
from 0 to 180.5 pg/mg and in fingernails, from 0 to 397.08 pg/mg. For ethyl 
glucuronide in hair, sensitivity was highest (93%) at an ethyl glucuronide cut- 
off of 8 pg/mg, but the corresponding specificity was 71% for the high-risk 
drinking group (>30 standard drinks per week). However, at a 30 pg/mg cut- 
off, sensitivity and specificity were 43 and 92%, respectively, for identifying 
high-risk alcohol consumption. For fingernails, at an 8 pg/mg cutoff, sensitiv- 
ity and specificity were 100 and 64%, respectively, for identifying high-risk 
alcohol consumption. The authors concluded that ethyl glucuronide in nails 
may be a useful alcohol biomarker [27]. 


In Germany, drivers’ licenses may be revoked for driving while intoxicated, 
and the driver must prove abstinence for 1 year in order to regain a license. 
German drivers’ license re-granting program guidelines use a cutoff of 
100 ng/mL (0.1 mg/L) for urinary ethyl glucuronide and a cutoff of 7 pg/mg 
for ethyl glucuronide in hair to demonstrate abstinence (using a 3-cm long 
hair sample for analysis). Agius et al. reported that hair testing was more ade- 
quate than was urine testing for ethyl glucuronide to monitor long-term 
abstinence from alcohol [28]. In contrast, a cutoff of 30 pg/mg of ethyl 
glucuronide in hair could be useful to demonstrate chronic excessive drink- 
ing (daily alcohol consumption >60 g) [29]. 
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Ethyl glucuronide in meconium is also measured to investigate possible 
exposure of the fetus to maternal alcohol use. In a study of 557 women sin- 
gleton births and available data including meconium specimens, Goecke 
et al. reported that only ethyl glucuronide in meconium showed association 
with alcohol consumption history (204 of 557 women admitted drinking 
during pregnancy). A value above the cutoff (120 ng ethyl glucuronide per 
gram of meconium) indicated significant alcohol consumption during preg- 
nancy, even if women denied alcohol consumption [30]. Bana et al. used a 
cutoff of 50 ng/g of meconium for ethyl glucuronide and 1000 ng/g of meco- 
nium for fatty acid ethyl esters and reported that 34.65% of women in their 
study consumed alcohol during pregnancy, and 17% of women showed pos- 
itive results with both alcohol biomarkers. When fatty acid ethyl esters values 
exceeded 5000 ng/g of meconium, 50% of these women had children with 
low birth weight [31]. 


8.3.4 False-Positive/False-Negative Results with Ethyl 
Glucuronide 


Although ethyl glucuronide and ethyl sulfate are widely used as direct bio- 
markers of alcohol consumption, false-positive results are encountered, prob- 
ably more often with ethyl glucuronide analysis. False-positive results may 
be due to interference in the analytical method used for the determination of 
ethyl glucuronide in a biological matrix; such false-positive results are 
encountered mostly when an immunoassay is used for measuring ethyl glu- 
curonide levels. However, false-positive results may be analytically true posi- 
tive, and a common example is positive ethyl glucuronide in hair due to use 
of a hair product containing ethyl glucuronide. 


Propyl alcohol/isopropyl alcohol-based hand sanitizers are widely used, and 
false-positive results of up to 4 mg/L (4000 ng/mL) may be observed using 
DRI enzyme immunoassay for ethyl glucuronide in urine after normal use of 
such hand sanitizer. Even passive inhalation of the sanitizer vapor may result 
in the detectability of up to 0.89 mg/L (890 ng/mL) of ethyl glucuronide, 
which is higher than the 0.5 mg/L cutoff recommended by the manufacturer 
of the assay (Microgenics). A positive ethyl glucuronide level in urine of up 
to a concentration of 0.63 mg/L (630 ng/mL) was observed in a subject even 
6 hr after use of hand sanitizer. Analysis of these positive specimens using 
LC—MS/MS showed no ethyl glucuronide in these specimens but confirmed 
the presence of 1-propyl glucuronide and 2-propyl glucuronide (isopropyl 
glucuronide). The authors concluded that false-positive ethyl glucuronide in 
these specimens as determined by the DRI ethyl glucuronide enzyme immu- 
noassay was due to the presence of propyl glucuronide [32]. Arndt et al. 
also reported false-positive ethyl glucuronide test results with DRI ethyl 
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glucuronide enzyme immunoassay due to intake of chloral hydrate. Ethyl 
glucuronide concentrations in urine of up to 8.0 mg/L (8000 ng/mL) were 
observed in ethanol-abstaining women under buprenorphine treatment 
(medications: levetiracetam, gabapentin, clomethiazole, and chloral hydrate). 
When control subjects consumed 500 mg of chloral hydrate in a single dos- 
age, ethyl glucuronide in urine up to a concentration of 0.28 mg/L (280 ng/ 
mL) was observed. However, LC—MS/MS analysis did not show the presence 
of ethyl glucuronide in these specimens. The authors concluded that false- 
positive enzyme immunoassay test results were due to cross-reactivity with 
trichloroethyl glucuronide, an important chloral hydrate metabolite with 
antibody used in the DRI ethyl glucuronide enzyme immunoassay [33]. 


Urinary tract infection may cause a false-negative urinary ethyl glucuronide 
level, but the ethyl sulfate level is not affected. One of the common causes of 
urinary tract infection is Escherichia coli, which contains the enzyme 
B-glucuronidase that can hydrolyze ethyl glucuronide. When urine specimens 
containing E. coli were supplemented with 1 mg/L each of ethyl glucuronide 
and ethyl sulfate, the majority of the specimens showed marked decreases in 
ethyl glucuronide concentration over time when they were stored at 22°C, 
but no decline was observed in specimens stored at 4 or —20°C. In three spe- 
cimens, complete hydrolysis of ethyl glucuronide was observed within 24 hr 
when they were stored at 22°C. However, no decrease in ethyl sulfate levels 
was observed in any specimen, even when stored at 22°C. The authors con- 
cluded that E. coli hydrolyzes only ethyl glucuronide but not ethyl sulfate if 
present in urine. Helander and Dahl recommended measuring ethyl sulfate 
in urine to circumvent this problem. However, if sodium fluoride is used as 
a preservative, hydrolysis of ethyl glucuronide can be prevented [34]. 
Drinking a large amount of water (~1 L) may significantly lower the concen- 
tration of urinary ethyl glucuronide due to water-induced diuresis. However, 
normalizing ethyl glucuronide values with urine creatinine concentration can 
circumvent this problem. Goll et al. recommended measuring urinary creati- 
nine along with ethyl glucuronide to establish the integrity of the specimen. 
The authors recommended a creatinine cutoff value of 25 mg/dL to identify 
diluted urine specimens [35]. However, in general, a creatinine concentration 
cutoff of 20 mg/dL is commonly used by many laboratories to identify 
diluted urine during drugs of abuse testing, and such cutoff may also be used 
to identify diluted urine submitted for ethyl glucuronide testing. 


Ethyl glucuronide may be present in commercial hair tonics, especially 
herbal hair tonics. In one report, the authors observed ethyl glucuronide con- 
centrations of between 0.07 and 1.06 mg/L in hair tonics in seven products 
from four manufacturers (11 tonics from eight manufacturers were 
analyzed). Ethyl sulfate was found in only three products. Therefore, using 
such hair tonics may cause positive ethyl glucuronide test results in hair 
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(true analytical-positive but false-positive result) [36]. Sporkert et al. applied 
a herbal hair lotion containing 2.7 g/mL of ethyl glucuronide and 35 mg/ 
mL of ethyl alcohol to the hair of a volunteer over a period of 6 weeks, ethyl 
glucuronide at a level of 72 pg/mg subsequently being detected in the hair. 
When a negative hair-strand was incubated with such lotion overnight, an 
ethyl glucuronide concentration of 140 pg/mg was observed [37]. Some com- 
mercial hair tonics may contain alcohol, but in one study, seven volunteers 
used a commercial hair tonic containing 44% ethanol by volume over a 
period of 1 or 2 months and no increase in ethyl glucuronide levels in hair 
specimens collected from these volunteers was observed, indicating that use 
of ethanol-containing hair tonic should not cause a false-positive ethyl glucu- 
ronide level in hair [38]. In vitro study has shown that although hair coloring 
has no significant effect on ethyl glucuronide concentration in hair, bleach- 
ing and permanent wave treatment may cause significant decreases in ethyl 
glucuronide levels in hair due to the leaching out effect (during bleaching) 
and chemical degradation [39]. 


8.3.5 Application of Ethyl Glucuronide and Ethyl Sulfate 
as Alcohol Biomarkers 


The Substance Abuse and Mental Health Services Administration (SAMHSA) 
issued a black box warning to alert clinicians that using ethyl glucuronide 
testing to determine whether or not a patient has been consuming alcohol is 
not foolproof. Furthermore, SAMHSA cautioned drug courts, licensing agen- 
cies, and other organizations that a positive ethyl glucuronide test result is 
not definitive proof that a person has been consuming alcohol [40]. 
Therefore, when ethyl glucuronide is used alone or in combination with 
other alcohol biomarkers in either a clinical or a legal situation, it is impor- 
tant to rule out alternative explanations for positive ethyl glucuronide test 
results, such as incidental exposure to alcohol as discussed previously in this 
chapter. Moreover, if an immunoassay is used to measure ethyl glucuronide, 
use of chloral hydrate or exposure to isopropyl! alcohol-containing hand sani- 
tizer must also be ruled out. 


Ethyl glucuronide and ethyl sulfate are widely used as alcohol biomarkers for 
detecting recent alcohol consumption. Ethyl glucuronide is used for docu- 
menting abstinence in alcohol and drug rehabilitation programs, and this is 
sometimes referred to as the 80-hr test; however, such a long window may 
not be suitable if a person has not consumed a large amount of alcohol. In 
one study involving 19 healthy participants who had consumed a low to 
high amount of alcohol (1 to 6.4 standard drinks), urinary ethyl glucuronide 
levels were less than the 100 ng/mL cutoff after 48 hr of consumption, even 
in individuals who had consumed relatively large amounts of alcohol (5 or 
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more standard drinks). For low alcohol consumption, tests were negative 
after 24 hr. The authors commented that ethyl glucuronide testing to docu- 
ment abstinence is not a practical test because it must be performed within 
24 hr of when an individual is suspected of consuming a low amount of alco- 
hol [41]. In general, it is assumed that the window of detection is 24 hr or less 
if a person consumes only 1 standard drink; a longer window, such as 72 hr, 
is appropriate after heavy alcohol consumption. Although both 500 and 
100 ng/mL cutoffs are used in the clinical setting, to show complete abstinence 
a cutoff of 100 ng/mL is more appropriate. Lande et al. reported that ethyl glu- 
curonide testing may be adopted in military substance abuse programs [42]. 


Testing for ethyl glucuronide and ethyl sulfate is very useful in medical legal 
cases in which a positive alcohol test result has been challenged. The produc- 
tion of urinary ethanol after sample collection due to the presence of glucose 
and microorganisms in urine has been reported [43]. If glucose is present in 
high concentration along with Candida albicans (due to urinary tract infection) 
in the urine specimen, then ethanol may be produced in vitro, causing a false- 
positive result. This is especially important if sodium fluoride is not used as a 
preservative. However, ethyl glucuronide or ethyl sulfate are not produced 
under such conditions. Therefore, a positive ethanol test in urine but negative 
ethyl glucuronide and/or ethyl sulfate is indicative of a false-positive ethanol 
result due to post-collection production of ethanol in urine. 


Ethyl glucuronide and ethyl sulfate are widely used as alcohol biomarkers in 
postmortem investigations in order to demonstrate antemortem alcohol inges- 
tion. Hoiseth et al. reported their findings in 36 forensic death investigations in 
which postmortem formation of ethanol was suspected. The authors measured 
ethyl glucuronide and ethyl sulfate in blood and urine and observed that in 19 
cases, both ethyl glucuronide and ethyl sulfate were positive. The median con- 
centration of ethyl glucuronide in urine was 35.9 mg/L (range, 1.0—182 mg/L), 
and that of ethyl sulfate, 8.5 mg/L (range, 0.3—99 mg/L). In another 16 cases, 
no trace of ethyl glucuronide or ethyl sulfate was detected in any body fluid. 


CASE REPORT 8.1 


A commercial international maritime drug testing program falsely elevated due to some in vitro production of ethanol by 
utilized urine specimen for testing of illicit drugs and alco- yeast. In another case, the urine ethanol level was 80.5 mg/dL, 
hol. A subject showed a very high urinary alcohol level but no ethyl glucuronide or ethyl sulfate was detected in urine. 
(108 g/dL), but the concentration of ethyl glucuronide in This urine specimen was also positive for C. albicans, and the 
urine was only 4.8 mg/L, and that of ethyl sulfate was authors concluded that the positive ethanol level in urine of 
1.2 mg/L. Such ethyl glucuronide and ethyl sulfate levels did this subject was indeed a false-positive test result due to post- 
not correlate with high ethanol in urine. Yeast (C. albicans) collection production of ethanol in the urine specimen [44]. 
was present in the urine, indicating that the ethanol level was 
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The authors concluded that antemortem consumption of alcohol was likely in 
19 cases in which ethyl glucuronide and ethyl sulfate were identified in both 
blood and urine, whereas antemortem consumption of alcohol was unlikely in 
16 cases in which no trace of ethyl glucuronide or ethyl sulfate was detected. In 
1 case, ethyl glucuronide and ethyl sulfate in urine were positive, but only ethyl 
sulfate was detected in blood. This may be due to postmortem degradation of 
ethyl glucuronide in blood [45]. The disappearance of ethyl glucuronide during 
heavy putrefaction has also been reported [46]. 


Ethyl glucuronide level in hair is also routinely measured and used for both 
clinical and forensic purposes because hair analysis can provide a longer 
period for detection of any alcohol consumption. Lees et al. reported that ethyl 
glucuronide was detected in 29 of 100 hair samples collected from 100 study 
participants ranging from teetotalers to high-risk drinkers (>50 standard drinks 
per week). Using a 30 pg/mg cutoff, the authors reported that 57.9% of high- 
risk drinkers, 45.5% of increasing risk drinkers (22—50 drinks per week), but 
only 9.8% of low-risk drinkers (1—21 standard drinks per week) were identi- 
fied by hair ethyl glucuronide testing. The authors concluded that although 
sensitivity was relatively low (52% to identify high-risk drinkers at 30 pg/mg 
cutoff), any positive result is highly likely to indicate alcohol consumption 
during the past 3 months [47]. If scalp hair is not available, chest, arm, or leg 
hair can be used for ethyl glucuronide testing [48]. A major advantage of test- 
ing hair for ethyl glucuronide compared to urine is that hair testing provides 
evidence of long-term abstinence from alcohol [28]. However, patients with 
decreased kidney function may have higher levels of ethyl glucuronide in hair. 
In one study, ethyl glucuronide levels in hair of 12 patients with decreased 
kidney function ranged from none detected to 134 pg/mg, and these patients 
consumed between 0.1 and 12 g of alcohol per day (up to 1 standard drink). 
These levels were significantly higher for the same level of alcohol consump- 
tion compared to those of healthy volunteers. The authors concluded that 
ethyl glucuronide levels in hair should be interpreted with caution if a patient 
has decreased kidney function [49]. 


Determination of ethyl glucuronide in hair improves the evaluation of long- 
term alcohol abstention in liver transplant candidates because prior to listing 
patients for orthotopic liver transplant, a 6-month period of abstention may be 
required, especially if the patient has a history of alcohol dependence. Patients 
with alcoholic liver cirrhosis may require liver transplant, and it is important to 
ensure that these patients do not consume any alcohol. Sterneck et al. evaluated 
63 transplant candidates with alcoholic liver cirrhosis and 25 control patients 
who had cirrhosis not related to alcohol abuse. They measured hair and urine 
ethyl glucuronide as well as blood alcohol, methanol, and CDT. For interpreting 
hair ethyl glucuronide level, the authors considered 7 pg/mg as an indication 
of abstinence or rare drinking, 7—30 pg/mg as an indication of alcohol 
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consumption of more than 10 g per day, and values greater than 30 pg/mg as 
an indication of heavy alcohol consumption of 60 g of alcohol or more per 
day. The urinary ethyl glucuronide cutoff was 500 ng/mL. The authors reported 
that during interviews, only 19 of 63 patients admitted alcohol consumption 
during the past 6 months, but positive alcohol markers were observed in 39 of 
63 patients. In 18 of these 39 patients, only hair ethyl glucuronide value was 
positive, indicating alcohol consumption during the past 6 months. Of 44 
patients who denied alcohol use, 23 tested positive for at least one alcohol bio- 
marker. In 9 patients who denied alcohol consumption, the only biomarker 
that tested positive was hair ethyl glucuronide. Moreover, 20 of 63 patients 
tested showed hair ethyl glucuronide concentrations greater than 30 pg/mg; the 
highest concentration observed was 409.7 ng/mg (0- to 3-cm hair segment 
tested). In contrast, no ethyl glucuronide was detected in hair in 25 patients 
who were used as controls (liver cirrhosis not related to alcohol). The authors 
concluded that hair ethyl glucuronide is a promising alcohol biomarker to 
determine abstinence in liver transplant patients and has a long detection 
period [50]. Ethyl glucuronide and ethyl sulfate can also be detected in vitreous 
humor and can be used as a postmortem evidence marker for ethanol con- 
sumption prior to death [51]. Various causes of false-positive or false-negative 
results in ethyl glucuronide testing are listed in Table 8.3. 


CASE REPORT 8.2 


A 5-year-old boy participated in a party held by his parents. death occurred during the phase of high blood alcohol elimi- 
The child may have consumed vodka containing 40% alcohol nation. The blood alcohol level of 400 mg/dL justified the rul- 
(estimated consumption of 120—150 g vodka representing ing of sudden death as a consequence of alcohol inebriation. 
50—60 g of pure alcohol), and he showed clear signs indicat- In addition, hair analysis revealed 46 pg/mg of ethyl glucur- 
ing a state of inebriation. The symptoms did not alert his one in the first 2-cm segment of hair and 54 pg/mg in the 
parents because according to testimony of witnesses, such next 2-cm segment [total length of hair analyzed was 4 cm], 
episodes had occurred in the past. However, this time the indicating that the boy may have occasionally imbibed alco- 
child was found dead in his bed the next morning. During hol prior to death; pathological lesions of the liver observed 
autopsy, blood alcohol level was 0.4 g/dL (400 mg/dL) and in histopathology supported this hypothesis [52]. 

urine alcohol level was 0.5 g/dL (500 mg/dL), indicating that 


8.3.6 Laboratory Methods for Determination of Ethyl 
Glucuronide and Ethyl Sulfate 


For determination of ethyl glucuronide in urine, enzyme immunoassay (DRI 
assay; Microgenics) is commercially available, but false-positive test results may 
occur due to therapy with chloral hydrate or the use of propanol/isopropyl 
alcohol-containing hand sanitizers. However, chromatographic methods based 
on gas chromatography combined with mass spectrometry (GC—MS) or on 
LC—MS or LC—MS/MS are superior to immunoassay because these methods 
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Table 8.3 Sources of False-Positive/False-Negative Results in Ethyl Glucuronide Testing Using 
Urine or Hair Specimens 


Source of False-Positive/ 
False-Negative Result Comment 


Therapy with chloral hydrate False-positive ethyl glucuronide in urine using DRI enzyme immunoassay 
(Microgenics) due to cross-reactivity with trichloroethyl glucuronide, a major 
metabolite of chloral hydrate. However, LC—-MS/MS-based assays are not affected. 

Use of propanol/isopropy! False-positive ethyl glucuronide in urine using DRI enzyme immunoassay 

alcohol-containing hand (Microgenics) due to cross-reactivity with propyl glucuronide or isopropyl 

sanitizer glucuronide. However, LC-MS/MS-based assays are not affected. 

Other sources of positive Incidental exposure to ethanol or factors listed in Table 8.2 may cause false-positive 

urinary ethyl glucuronide urinary ethyl glucuronide test results. 

Urinary tract infection with E. coli contains 8-glucuronidase enzyme, which may hydrolyze ethyl glucuronide if 

E. coli present in urine, but ethyl sulfate is not affected. This may cause false-negative 
results. Testing for ethyl sulfate may be more appropriate in such situations. 
Alternatively, use of sodium fluoride as a preservative can prevent hydrolysis of ethyl 
glucuronide by E. coli. 

Hair tonic containing ethanol Herbal hair tonic containing ethyl glucuronide may be incorporated into hair and may 

or herbal hair tonic containing cause a false-positive result, but using herbal tonic containing only ethanol should 

ethanol and ethyl glucuronide not cause a false-positive result. 

Bleaching and perming of hair Although hair coloring has no significant effect on ethyl glucuronide levels in hair, 
bleaching and perming may reduce these levels due to chemical degradation of 
ethyl glucuronide. 








offer more sensitivity as well as specificity. One of the limitations of GC—MS 
for analysis of ethyl glucuronide in a biological matrix is that derivatization is 
needed prior to analysis. However, for LC—MS- or LC—MS/MS-based methods, 
ethyl glucuronide can be analyzed directly without the need for derivatization. 
Krivankova et al. described a capillary electrophoresis method for analysis of 
ethyl glucuronide in human serum [53]. 


Wurst et al. used both GC—MS and LC—MS/MS for determination of serum 
and urine ethyl glucuronide in various patients. For determination of ethyl 
glucuronide, the authors used deuterated ethyl glucuronide (ds-ethyl glucuro- 
nide) as the internal standard. Ethyl glucuronide, along with the internal 
standard, was extracted from serum or urine using methanol. Then, for 
GC-MS analysis, the organic layer was evaporated followed by derivatization 
using pyridine and N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA). After 
evaporating excessive derivatizing reagent, dry residue was reconstituted with 
ethyl acetate followed by analysis using GC—MS. However, for LC-MS/MS 
analysis (triple-quadrupole mass spectrometer API 365 equipped with a 
nebulizer-assisted electrospray source for detection), no derivatization was 
necessary. The MS/MS ion transitions monitored were m/z 221 >75 transition 
for ethyl glucuronide and m/z 226-75 transition for the internal standard. 
The detection limit was 0.1 mg/L for both GC-MS and LC—MS/MS [54]. 
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Al-Asmari et al. described a hydrophilic interaction liquid chromatography 
combined with electrospray ionization tandem mass spectrometric method 
(LC/ESI—MS/MS) for direct determination of urinary ethyl glucuronide and 
ethyl sulfate in postmortem urine specimens [55]. Helander et al. compared 
liquid chromatography combined with electrospray ionization mass spectrom- 
etry (LC/ESI—MS) with LC/ESI—MS/MS for analysis of ethyl glucuronide in 
urine using 482 specimens; they commented that LC—MS/MS should be con- 
sidered as the reference method [56]. 


LC—MS/MS can also be successfully used for determination of ethyl glucuro- 
nide in hair, but proper washing of hair and extraction of ethyl glucuronide 
prior to analysis are necessary. Dichloromethane and/or methanol can be 
used for extracting ethyl glucuronide from hair. Yaldiz et al. described a 
hydrophilic interaction LC—MS/MS for determination of ethyl glucuronide 
in human hair. The authors washed the hair specimen using water, and after 
supplementing with internal standard in methanol (d;-ethyl glucuronide), 
the specimen was vortex-mixed, followed by the addition of acetonitrile/ 
water and ultrasonication to extract ethyl glucuronide from the hair. After 
centrifugation, supernatant was analyzed by LC-MS/MS. The assay was lin- 
ear up to an ethyl glucuronide concentration of 200 pg/mg, and the limit of 
detection was 0.05 pg/mg. The limit of quantitation was 0.18 pg/mg [57]. 


8.4 FATTY ACID ETHYL ESTERS AS ALCOHOL 
BIOMARKERS 


Fatty acid ethyl esters are minor metabolites of ethanol that are formed 
after alcohol consumption in virtually all tissues due to interaction of etha- 
nol with free fatty acids as well as triglycerides, lipoproteins, and phospho- 
lipids. This pathway is an enzyme-mediated esterification of fatty acid or 
fatty acetyl-CoA by ethanol. Hydrolysis of a fatty acid from a phospholipid 
or a triglyceride molecule in the presence of ethanol can also lead to the 
formation of fatty acid ethyl esters. It has been speculated that fatty acid 
ethyl esters are toxic and are responsible for alcohol-induced organ damage. 
High amounts of fatty acid ethyl esters have been observed in the liver and 
pancreas during autopsy of subjects who were intoxicated at death. The 
fatty acid ethyl ester synthase may play a role in the formation of fatty acid 
ethyl esters because the liver and pancreas often have a high activity of this 
enzyme. Carboxyl ester lipase, which has the ability to liberate fatty acids 
from complex lipids, also has fatty acid ethyl ester synthase capability. In 
serum, fatty acid ethyl esters appear after alcohol consumption and are 
bound to albumin and also found in the core of lipoproteins along with 
other neutral lipids. Fatty acid ethyl esters can be used as a marker to 
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determine both acute and chronic ingestion of alcohol. The concentrations 
of fatty acid ethyl esters in serum parallel ethanol levels in serum after acute 
ingestion of alcohol. If serum alcohol is negative but the fatty acid ethyl 
ester test is positive, then it can be assumed that alcohol consumption has 
occurred in the past 24 hr [58]. 


8.4.1 Fatty Acid Ethyl Esters in Hair 


Although serum can be used to determine the concentrations of fatty acid 
ethyl esters, recently the focus has been on the determination of hair concen- 
tration of fatty acid ethyl esters in both clinical and forensic investigations. 
Fatty acid ethyl esters are incorporated in hair mainly from sebum glands 
attached to each hair root. This steady deposition into the hair shaft leads to 
the accumulation of fatty acid ethyl esters in hair, increasing from the proximal 
end to approximately 6—10 cm of hair, beyond which the concentration may 
decrease due to degradation or washout effects. Fatty acid ethyl esters are also 
stored in fatty tissues (e.g., adipose tissue) after long-term heavy drinking, and 
delayed incorporation in hair from such tissues may occur after beginning 
abstinence due to the release of fatty acid ethyl esters into the circulation from 
fatty tissues. Moreover, hair from a strictly abstinent person may show a very 
small amount of fatty acid ethyl ester, which may be related to a trace amount 
of endogenous ethanol production, nutrition, or use of hair cosmetics. Hair 
specimens collected from the pubic region, armpit, chest, arm, or thigh show 
comparable fatty acid ethyl esters to a specimen collected from scalp hair. 
Although approximately 15—20 fatty acid ethyl esters can be detected in a 
specimen, the most common ones used for calculation in varying amounts 
include ethyl laurate, ethyl myristate, ethyl palmitate, ethyl palmitoleate, ethyl 
stearate, ethyl oleate, ethyl linoleate, ethyl linolenate, ethyl arachidonate, and 
ethyl docosahexaenoate. Sometimes only the sum of the concentrations of 
four fatty acid ethyl esters (ethyl myristate, ethyl oleate, ethyl palmitate, and 
ethyl stearate) is used to determine fatty acid ethyl ester concentration in a 
specimen. The sum of these fatty acid ethyl esters in hair specimens varies 
from less than 0.2 ng/mg of hair in strict teetotalers to more than 30 ng/mg of 
hair (usually expressed as 30 ng/mg) in samples from alcoholic death. Usually 
for hair analysis, a 0.5 ng/mg cutoff (proximal scalp hair 0—3 cm used for 
analysis) is used in living persons and 0.8 ng/mg is used in postmortem cases 
to show abstinence with sensitivity and specificity of approximately 90%. In 
one study, analysis of 644 hair specimens revealed the presence of fatty acid 
ethyl esters in all specimens with a range of concentration between 0.11 and 
31 ng/mg (mean, 1.77 ng/mg; median, 0.82 ng/mg). Comparison of fatty acid 
ethyl ester data to serum CDT and GGT readings revealed that a large portion 
of negative CDT and GGT results showed positive fatty acid ethyl ester, indicat- 
ing that fatty acid ethyl ester has a much longer window of detection than 


8.4 Fatty Acid Ethyl Esters as Alcohol Biomarkers 203 


traditional markers such as CDT and GGT [59]. Although the sum of four fatty 
acid ethyl esters is used to determine the total amount of fatty acid ethyl esters, 
some investigators have used a combination of six fatty acid ethyl esters for 
their calculation (ethyl palmitate, ethyl palmitoleate, ethyl stearate, ethyl ole- 
ate, ethyl linoleate, and ethyl arachidonate). 


Bertol et al. proposed a cutoff of 0.5 ng/mg for fatty acid ethyl ester concentra- 
tion in hair (3-cm segment analyzed) to differentiate between social drinking 
and excessive alcohol consumption (>60 g/day). In a study of 160 healthy 
volunteers ranging from teetotalers to individuals who consumed an excessive 
amount of alcohol, the authors observed that fatty acid ethyl ester concentra- 
tions in hair ranged from 0.01 to 10.78 ng/mg (expressed as the sum of the four 
fatty acid ethyl esters), with an average value of 1.16 ng/mg and a median value 
of 0.60 ng/mg. The estimated daily consumption of alcohol ranged from 0 to 
246 g of ethanol. Using the 0.5 ng/mg cutoff to differentiate between excessive 
drinking and social drinking, the authors observed a specificity of 87% [60]. 
Although the Society of Hair Testing also recommends 0.5 ng/mg cutoff (scalp 
hair 0- to 3-cm proximal segment) for determination of chronic alcohol abuse, 
Hastedt et al. found that, based on a study of 1057 autopsy cases, median fatty 
acid ethyl ester concentration was 0.302 ng/mg (range, 0.008—14.3 ng/mg) in 
social drinkers and 1.346 ng/mg (range, 0.010—83.7 ng/mg) in the group of 
alcohol abusers. The authors proposed a cutoff of 1ng/mg to demonstrate 
excessive alcohol consumption [61]. 


Combining fatty acid ethyl ester and ethyl glucuronide in hair to differentiate 
social drinking from heavy drinking has also been proposed. Pragst et al. com- 
mented that the cutoff value of 0.5 ng/mg for fatty acid ethyl ester in hair and the 
cutoff value of 30 pg/mg for ethyl glucuronide in proximal hair segments 0—3 cm 
long seem to be an optimal compromise for differentiating heavy consumption 
of alcohol from social drinking [62]. In a study to determine if pregnant women 
were consuming alcohol, the Pragst and Yegles found that strict abstinence is 
excluded or improbable at a fatty acid ethyl ester concentration in hair greater 
than 0.2 ng/mg and ethyl glucuronide concentration greater than 7 pg/mg. 
Moderate social drinkers should have a fatty acid ethyl ester concentration less 
than 0.5 ng/mg and an ethyl glucuronide concentration less than 25 pg/mg [63]. 


Hartwig et al. evaluated the effect of hair care products on fatty acid ethyl 
ester concentration in hair. In general, shampooing and cosmetic treatment 
(permanent wave, dyeing, or bleaching or shading) at the usual frequency 
have no significant effect on the use of fatty acid ethyl esters as an alcohol 
biomarker in hair, and such treatments do not lead to false-negative results. 
Some hair wax products also contain fatty acid ethyl esters, but use of such 
hair wax should not increase the concentration of fatty acid ethyl ester in 
hair. In doubtful cases, pubic hair should be analyzed for comparison [64]. 
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Gareri et al. studied the effect of hair care products on fatty acid ethyl ester 
concentrations in hair. Nine individuals who were identified, based on fatty 
acid ethyl ester results in hair, to be chronic alcohol abusers denied any alco- 
hol abuse. Specimens were further tested for ethyl glucuronide. Although 
fatty acid ethyl ester levels in these individuals ranged from 0.5 to 4.9 ng/mg, 
all ethyl glucuronide values were less than the 30 pg/mg cutoff level. The 
hair products used by these individuals contained as low as 10% alcohol by 
volume to as high as 95% by volume. The authors concluded that regular 
use of hair products containing as little as 10% alcohol can impact fatty acid 
ethyl ester values in hair. In this case, ethyl glucuronide should be tested 
because ethyl glucuronide values in hair seem to be unaffected by use of hair 
products containing alcohol [65]. 


8.4.2 Fatty Acid Ethyl Esters in Meconium 


Meconium analysis of fatty acid ethyl esters is a valid method for identifying hea- 
vy prenatal ethanol exposure. However, small amounts of fatty acid ethyl esters 
are found in the meconium of neonates without any maternal use of alcohol. 
This may originate from endogenous ethanol or from trace amounts of alcohol 
in food. Depending on the combination of fatty acid ethyl esters used for calcula- 
tion, various cutoff values have been proposed. Because the median molecular 
weight of fatty acid ethyl esters is approximately 300, the concentration expressed 
as nanomoles per gram should be multiplied by 300 to derive the concentration 
in nanograms per gram (2 nmol/g is approximately 600 ng/g), which is widely 
used for the cutoff by many investigators. Some investigators have used a combi- 
nation of six fatty acid ethyl esters (ethyl palmitate, ethyl palmitoleate, ethyl stea- 
rate, ethyl oleate, ethyl linoleate, and ethyl arachidonate) and a cutoff of 600 ng/ 
g, whereas others have used a combination of four fatty acid ethyl esters (ethyl 
palmitate, ethyl stearate, ethyl oleate, and ethyl linoleate) but the same cutoff 
concentration of 600 ng/g. Bakdash et al. used a combination of ethyl palmitate, 
ethyl linoleate, ethyl oleate, and ethyl stearate with a cutoff concentration of 
500 ng/g of meconium to study the detection of alcohol abuse by mothers dur- 
ing pregnancy. The authors used LC—MS/MS for analysis of meconium. A con- 
centration of fatty acid ethyl esters greater than the cutoff was observed in 43 of 
602 meconium specimens analyzed (7.1% of specimens); the concentration ran- 
ged between 507 and 22,580 ng/g, except for one outlier with a concentration of 
150,000 ng/g (no ethyl glucuronide was detected in the specimen). Ethyl glucu- 
ronide was detected in 97 cases. The authors noted that by using a cutoff of 
274 ng/g for ethyl glucuronide, optimal agreement between two markers was 
obtained. The authors concluded that combining fatty acid ethyl glucuronide 
with fatty acid ethyl ester in meconium should be useful in studying potential 
alcohol consumption by mothers during pregnancy [66]. Moore et al. used a 
combination of ethyl palmitate, ethyl palmitoleate, ethyl stearate, ethyl oleate, 
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ethyl linoleate, and ethyl arachidonate for the determination of fatty acid ethyl 
esters in meconium and reported that total fatty acid ethyl ester concentration 
exceeding 10,000 ng/g of meconium may indicate that a newborn was exposed 
to significant amounts of alcohol during gestation. The authors also commen- 
ted that fatty acid ethyl esters are unstable in meconium if stored at room tem- 
perature. Therefore, specimens should be stored and transported frozen to the 
laboratory prior to analysis [67]. False-positive meconium test results for fatty 
acid ethyl esters may be observed secondary to delayed sample collection. In 
one study, the authors collected 136 specimens of meconium from 30 neonates 
during their first few days of life. Although the first collected meconium speci- 
mens tested negative at a 2 nmol/g cutoff in all infants, later specimens tested 
positive above the cutoff in 19 of 30 neonates. Median time to appearance of 
fatty acid ethyl esters in meconium was 59.2 hr postpartum. The authors con- 
cluded that samples collected later in the postpartum period may lead to false- 
positive test results due to dietary components in postnatally produced stool 
and ethanol-producing microorganisms [68]. Critical issues regarding the inter- 
pretation of hair and meconium fatty acid ethyl ester concentrations are sum- 
marized in Box 8.1. 


BOX 8.1 CRITICAL ISSUES REGARDING INTERPRETATION OF HAIR AND 
MECONIUM FATTY ACID ETHYL ESTER CONCENTRATIONS 


Although the serum concentration of fatty acid ethyl the use of various combinations of fatty acid ethyl 
esters was initially measured as an alcohol biomarker esters for calculation. 

(window of detection ~24 hr after consumption of Although a cutoff concentration of 0.5 ng/mg for fatty 
alcohol), fatty acid ethyl esters are currently measured acid ethyl ester in hair is usually used, it is better to 

in hair or meconium specimens. use this value in combination with a cutoff value of 
Although approximately 15—20 fatty acid ethyl esters 30 pg/mg for ethyl glucuronide in proximal hair 

can be detected in a specimen, the most common segments (0—3 cm used for analysis) for interpretation 
ones used for calculation in varying amounts include of results because hair fatty acid ethyl values may be 
ethyl laurate, ethyl myristate, ethyl palmitate, ethyl alsely elevated due to the use of ethanol-containing 
palmitoleate, ethyl stearate, ethyl oleate, ethyl hair products, but the ethyl glucuronide value in hair is 
linoleate, ethyl linolenate, ethyl arachidonate, and ethyl not affected. 

docosahexaenoate. Usually, a cutoff of 2 nmol/g or 600 ng/g is used for 
Sometimes only the sum of the concentrations of four meconium fatty acid ethyl esters using six [ethyl 

fatty acid ethyl esters (ethyl myristate, ethyl oleate, palmitate, ethyl palmitoleate, ethyl stearate, ethyl 
ethyl palmitate, and ethyl stearate) is used to oleate, ethyl linoleate, and ethyl arachidonate) or four 
determine fatty acid ethyl ester concentration in a ethyl palmitate, ethyl stearate, ethyl oleate, and ethyl 
specimen, but six (e.g., ethyl palmitate, ethyl inoleate) fatty acid combinations, but another cutoff 
palmitoleate, ethyl stearate, ethyl oleate, ethyl has been proposed. 

linoleate, and ethyl arachidonate] or eight fatty acid For analysis of meconium, it is important to collect the 
combinations may also be used for calculating total specimen as soon as possible after delivery because 
fatty acid ethyl ester concentrations. Therefore, cutoff delayed specimen collection may cause a false-positive 
concentrations may vary from report to report due to est result. 
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8.4.3 Laboratory Analysis of Fatty Acid Ethyl Esters 


Chromatographic methods such as GC—MS, LC—MS, and LC—MS/MS are 
used for the determination of fatty acid ethyl esters in hair and meconium, 
although these methods can be used for analysis of serum if needed. Many 
protocols are available for analysis of fatty acid ethyl esters for both hair and 
meconium specimens. For hair analysis, after washing the specimen with 
water or an organic solvent, fatty acid ethyl esters are extracted using a variety 
of organic solvents. Auwarter et al. used a combination of dimethyl sulfoxide 
and heptane for extraction followed by GC—MS for analysis. The authors 
used ethyl myristate, ethyl palmitate, ethyl oleate, and ethyl stearate for 
quantification of total fatty acid ethyl esters in hair and used corresponding 
deuterated fatty acid ethyl esters as internal standards [69]. 


Hutson et al. developed a GC—MS method for analysis of fatty acid ethyl 
esters in meconium. The authors quantified four fatty acid ethyl esters 
(ethyl palmitate, ethyl linoleate, ethyl oleate, and ethyl stearate) using 
0.5 mg of meconium, and corresponding deuterated (d5) ethyl esters were 
used as internal standards. Fatty acid ethyl esters were extracted from meco- 
nium using liquid—liquid extraction with heptane and acetone. For 
GC-MS analysis, the authors selected m/z values of 284, 308, 310, and 312 
for ethyl palmitate, ethyl linoleate, ethyl oleate, and ethyl stearate, respec- 
tively. For the corresponding internal standards, m/z values were 289 (ds- 
ethyl palmitate), 313 (d;-ethyl linoleate), 315 (ds-ethyl oleate), and 317 
(d;-ethyl stearate). The detection limits of four fatty acid ethyl esters ranged 
from 0.020 to 0.042 nmol/g [70]. Roehsig et al. described a protocol for the 
determination of the following eight fatty acid ethyl esters in meconium 
samples by solid phase microextraction and GC—MS: ethyl laurate, ethyl 
myristate, ethyl palmitate, ethyl palmitoleate, ethyl stearate, ethyl oleate, 
ethyl linoleate, and ethyl arachidonate. The authors used corresponding 
deuterated (d5) fatty acid ethyl esters as internal standards. The limit of 
detection was less than 100 ng/g for fatty acid ethyl esters. The authors con- 
cluded that their method was suitable for analysis of fatty acid ethyl esters 
in meconium to detect alcohol-exposed newborns at a cumulative cutoff 
concentration of 600 ng/g [71]. 


Pichini et al. used LC—MS/MS for analysis of fatty acid ethyl esters in meco- 
nium. The authors quantified nine fatty acid ethyl esters (ethyl laurate, ethyl 
myristate, ethyl palmitate, ethyl palmitoleate, ethyl stearate, ethyl oleate, 
ethyl linoleate, ethyl linolenate, and ethyl arachidonate) and used ethyl hep- 
tadecanoate as the internal standard. Analytes were initially extracted from 
meconium with hexane followed by further solid phase extraction using an 
aminopropyl-silica column. Chromatographic analysis was performed using a 
C-8 reverse-phase column and a mobile phase consisting of water/isopropyl 
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alcohol/acetonitrile (20:40:40 by volume). Mass spectrometric analysis was 
achieved by a triple quadrupole mass spectrometer that monitored the ion 
transitions in multiple reactions monitoring mode. The limit of quantification 
varied from 0.12 to 0.20 nmol/g [72]. 


8.5 PHOSPHATIDYLETHANOL AS ALCOHOL 
BIOMARKER 


Phosphatidylethanol is a unique phospholipid that is formed only in the 
presence of ethanol via the action of enzyme phospholipase D. Like ethyl 
glucuronide, ethyl sulfate, and fatty acid ethyl esters, phosphatidylethanol is 
a direct alcohol biomarker. Normally, phospholipase D catalyzes hydrolysis 
of phosphatidylcholine into phosphatidic acid. However, phospholipase D 
has a high affinity for short-chain alcohol (100- to 1000-fold higher) com- 
pared to water. Therefore, in the presence of ethanol, this enzyme promotes 
a transphosphatidylation producing phosphatidylethanol. In humans, two 
isoforms of phospholipase D have been characterized. Phospholipase D, is 
distributed perinuclearly and requires phosphokinase C activation, whereas 
phospholipase D, is localized in the cellular membrane and is constitutively 
active. However, both isoforms of phospholipase D catalyze the formation of 
phosphatidylethanol on human erythrocyte membranes [73]. 


Phosphatidylethanol is not a single molecule but, rather, a group of glycero- 
phospholipid homologs with a common phosphoethanol head group and 
two long fatty acid chains attached to a glycerol backbone (sn-1 and sn-2 
positions). Because phosphatidylethanol is derived from phosphatidylcho- 
line, there are similarities between molecular species (fatty acid composition 
in sn-1 and sn-2 positions) in phosphatidylcholine and phosphatidylethanol. 
There are many combinations of fatty acid chain length and the number of 
double bonds in the fatty acids that are attached to sn-1 and sn-2 positions 
of glycerol backbone, but phosphatidylethanol 16:0/18:1 (palmitic acid/oleic 
acid) and phosphatidylethanol 16:0/18:2 (palmitic acid/linoleic acid) are the 
two major molecular species extracted from human erythrocytes, representing 
37 and 25%, respectively, of all phosphatidylethanol molecular species. 
Phosphatidylethanol 16:0/20:4 (palmitic acid/arachidonic acid) represents 
approximately 13% of all molecular species [74]. Gnann et al. also reported 
that phosphatidylethanol 16:0/18:1 and 16:0/18:2 are the two most abun- 
dant molecular species present in blood. However, using liquid chromatogra- 
phy combined with time-of-flight tandem mass spectrometry, the authors 
characterized 48 different molecular species of phosphatidylethanol [75]. 
Although a combination of phosphatidylethanol molecular species 16:0/18:1 
and 16:0/18:2 may be sufficient to represent total phosphatidylethanol level 
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in blood, sometimes a combination of more molecular species, such as 16:0/ 
18:1, 16:0/18:2, 16:0/20:4, 18:1/18:1, and 18:1/18:2, is also used. However, 
some investigators prefer to use only the 16:0/18:1 molecular species, which 
is the most abundant molecular species for quantification because the refer- 
ence standard is commercially available. 


Phosphatidylethanol is a good marker for excessive alcohol consumption, 
and blood phosphatidylethanol is found almost exclusively in the erythro- 
cyte fraction. Consumption of one alcoholic drink is not sufficient to pro- 
duce a detectable level of phosphatidylethanol in blood, and consumption 
of 50 g or more alcohol per day for several weeks is necessary to produce a 
detectable amount of phosphatidylethanol. However, once positive, it 
remains positive for 2 or 3 weeks, whereas blood alcohol may be not be 
detectable several hours after consumption of the last drink. The half-life of 
phosphatidylethanol in blood is 4 days, and the amount of alcohol con- 
sumed correlates with blood phosphatidylethanol level. This marker is 
almost 100% specific because its formation is totally dependent on the pres- 
ence of ethanol. In addition, this marker is more sensitive than other tradi- 
tional alcohol biomarkers, including CDT, GGT, and MCV [76]. In one 
study, 5 healthy volunteers were given 32—47 g of alcohol in a single dose 
(approximately two or three standard drinks), and no phosphatidylethanol 
was detected in blood of any volunteers. However, when 12 volunteers con- 
sumed various amounts of alcohol for 3 weeks, no phosphatidylethanol was 
detected in blood of volunteers who consumed lower amounts of alcohol 
(mean, 742g); but with higher intake of alcohol (mean, 1630 g), 
detectable levels of phosphatidylethanol (1.0—2.1 mol/L) were observed in 
blood specimens. The authors concluded that an individual must consume a 
substantial amount of alcohol before phosphatidylethanol can be detected in 
blood. The authors commented that phosphatidylethanol is more sensitive 
than serum CDT as an alcohol biomarker [77]. In another study, after 3 
weeks of alcohol abstinence, 11 volunteers drank sufficient amounts of alco- 
hol to achieve a blood alcohol concentration of 0.1% for 5 successive days. 
The phosphatidylethanol 16:0/18:1 concentration in blood reached a maxi- 
mum of 74—237 ng/mL after 3—6 days [78]. Marques et al. commented that 
phosphatidylethanol levels in alcohol-dependent outpatients may have a 
mean value between 2.47 and 3.4 mol/L, but the mean value of alcohol- 
dependent hospitalized patients may be as high as 7.7 pmol/L. However, 
values were much lower in drivers charged with driving while intoxicated 
(mean, 1.45 pmol/L) [79]. Wurst et al. reported that in an alcohol detoxifica- 
tion center, phosphatidylethanol levels on day 1 ranged from 0.63 to 
26.95 pmol/L (mean, 6.22 mol/L), and there were no false negatives, indi- 
cating that sensitivity was 100%. In contrast, MCV and CDT showed a sensi- 
tivity of 40.4 and and 69.2%, respectively. No gender difference was 
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observed in phosphatidylethanol level in alcohol-dependent patients [80]. 
Gunnarsson et al. observed no phosphatidylethanol in blood of male con- 
trols, but concentrations between 5 and 13 pmol/L were observed in three 
alcoholics. However, phosphatidylethanol values decreased during 3 or 4 
weeks of abstinence [81]. Because some authors have expressed phosphatidy- 
lethanol in micromoles per liter (mol/L) and others have used a traditional 
unit of nanograms per milliliter (ng/mL), to avoid confusion, values in 
micromoles per liter can be multiplied by 703 to obtain the concentration in 
nanograms per milliliter (the molecular weight of phosphatidylethanol 16:0/ 
18:1, the most abundant molecular species, is 702.98). Alternatively, values 
reported in nangrams per milliliter can be divided by 703 to obtain the value 
of phosphatidylethanol in micromoles per liter [79]. 


Kwak et al. reported that phosphatidylethanol was not detected in pregnant 
women who abstained from alcohol during pregnancy. In contrast, phospha- 
tidylethanol 16:0/18:1 was above the cutoff concentration in women who 
consumed alcohol. This molecular species was detected for up to 4 weeks 
after cessation of alcohol exposure [82]. In another study, the authors 
observed that 4.8% of abstaining pregnant women had positive phosphatidy- 
lethanol, but these women had a positive history of alcohol use before preg- 
nancy and this marker may be positive up to 3 or 4 weeks after the last 
drink. Phosphatidylethanol correlated with the amount of alcohol and the 
number of days of alcohol consumption per week [83]. Phosphatidylethanol 
is also superior to CDT for investigating alcohol consumption during preg- 
nancy because CDT values increase with gestational age, whereas phosphati- 
dylethanol values are not affected. In a study in which pregnant women were 
followed from prenatal care visit to term, it was observed that during recruit- 
ment (mean gestational age, 22.6 weeks), mean %CDT was 1.49%, but at 
term it had increased to 1.67%. Using a conventional cutoff of 1.7% for % 
CDT, 22.9% of specimens during the prenatal visit and 45.7% of specimens 
at term should be classified as positive. In contrast, no phosphatidylethanol 
in blood was detected, and ethyl glucuronide levels were also negative, indi- 
cating that %CDT values were false-positive values because these pregnant 
women were abstinent. The authors proposed that the %CDT cutoff should 
be increased to 2% in assessing pregnant women [84]. 


Phosphatidylethanol may be a superior marker to ethyl glucuronide and 
ethyl sulfate. In one study involving 252 participants, all 10 subjects who 
tested positive for ethyl glucuronide or ethyl sulfate but denied consuming 
alcohol were told about the possibility of further testing for phosphatidy- 
lethanol. After the test procedure was explained, 3 of the 10 subjects admit- 
ted drinking, but 7 subjects who still denied drinking were tested for 
phosphatidylethanol. With this testing, 5 subjects showed negative phospha- 
tidylethanol levels, supporting their claim of not consuming alcohol. 
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However, for the 2 other subjects, phosphatidylethanol levels were positive 
(220 and 320 ng/mL), and it was determined that they had consumed alco- 
hol and were sent for further treatment. The authors concluded that phos- 
phatidylethanol results along with with previous low positive ethyl 
glucuronide or ethyl sulfate results allow differentiating between no con- 
sumption of alcohol and consumption. Negative phosphatidylethanol testing 
after a low positive ethyl glucuronide result supports a patient's claim of 
recent abstinence [85]. Phosphatidylethanol testing in postmortem blood is 
useful to investigate previous heavy drinking. Hansson et al. measured phos- 
phatidylethanol in femoral blood in 85 consecutive forensic autopsies and 
observed phosphatidylethanol concentrations between 0.8 and 22.0 pmol/L 
in 35 cases. Of these cases, no ethanol in blood was detected in 12 cases 
despite positive phosphatidylethanol levels. However, in 2 cases, ethanol 
levels were positive but no phosphatidylethanol was present in blood. 
Interestingly, in 1 case of fatal methanol poisoning, a chromatographic peak 
was observed at a position for phosphatidylethanol but it was characterized 
as phosphatidylmethanol because phospholipase D also accepts other alco- 
hols, such as methanol, and substrate-forming phosphatidylmethanol is 
likely in a subject who consumes methanol. The authors concluded that 
phosphatidylethanol testing is useful in postmortem investigations to show 
heavy alcohol consumption in cases in which no blood alcohol may be 
detected or alcohol consumption is not otherwise evident [86]. 


8.5.1 Cutoff Concentration of Phosphatidylethanol 


No cutoff concentration of has been firmly established for the clinical appli- 
cation of phosphatidylethanol, but values of between 0.2 and 0.7 pmol/L 
have been proposed based on the limit of quantitation of the high- 
performance liquid chromatography (HPLC) method. In Sweden, 0.7 pmol/L 
(492 ng/mL) has been proposed, which can identify alcohol consumption of 
50 g or more per day, but at a cutoff of 0.2 pmol/L (140 ng/mL), alcohol 
consumption of 40g or less may be detected [74]. Stewart et al. studied 
phosphatidylethanol levels in 80 nonpregnant women ages 18—35 years and 
concluded that 93% of subjects who consumed an average of 2 or more 
drinks per day had detectable phosphatidylethanol levels in blood, whereas 
phosphatidylethanol could be quantified in 53% of subjects who consumed 
1 drink per day during the preceding 14 days prior to blood analysis. In the 
entire group of subjects, median alcohol consumption was 23 drinks per 
week or 1.6 drinks per day on average, whereas the median blood phosphati- 
dylethanol level was 45 ng/mL (range, 0—565 ng/mL). The authors con- 
cluded that a phosphatidylethanol level above the limit of quantitation was 
highly sensitive for alcohol consumption averaging at least 2 drinks per day, 
and values over 127 ng/mL were highly specific for drinking in excess of 2 
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drinks per day [87]. Based on the receiver operating curve, Hartmann et al. 
observed that phosphatidylethanol at a cutoff of 0.36 pmol/L (253 ng/mL) 
has a sensitivity of 94.5% and specificity of 100% for differentiating between 
drinkers and sober patients. Sensitivity and specificity of phosphatidylethanol 
were superior to those of CDT, MCV, and GGT [88]. 


However, phosphatidylethanol may also be formed in vitro if ethanol is pres- 
ent. Varga and Alling reported that the formation of phosphatidylethanol in 
human red blood cells is concentration dependent. Incubation of red cells 
with 50 mmol ethanol yielded detectable phosphatidylethanol after 12 hr, 
and a maximum value was achieved after 60 hr of incubation. In vitro forma- 
tion of phosphatidylethanol was also higher when red blood cells were col- 
lected from alcoholics (mean, 5.2 mol/L) compared to controls (mean, 
2.4 pmol/L). The authors concluded that phosphatidylethanol is formed in 
red blood cells in vitro at physiological alcohol concentrations [89]. 


Interestingly, antibodies specific to phosphatidylethanol may be present in 
sera of individuals who consume alcohol. These antibodies may be IgG, IgA, 
and IgM and bind specifically to phosphatidylethanol. Nissinen et al. ana- 
lyzed antibodies to phosphatidylethanol in sera of 20 heavy drinkers, 58 
patients with alcoholic pancreatitis, and 24 control subjects using a chemilu- 
minescence immunoassay, and phosphatidylethanol level in blood was mea- 
sured using LC—MS. The authors observed lower concentrations of these 
antibodies (IgG, IgA, and IgM) in sera of individuals who were heavy drin- 
kers or patients with alcoholic pancreatitis, compared to controls (social 
drinkers). The plasma IgG titers correlated with whole blood phosphatidyl- 
ethanol in heavy drinkers. The authors concluded that subjects with heavy 
alcohol consumption showed markedly lower levels of plasma antibodies to 
phosphatidylethanol, potentially making them useful as a biomarker to dis- 
tinguish heavy drinking from moderate alcohol use [90]. Critical issues 
regarding the interpretation of results relating to phosphatidylethanol are 
summarized in Box 8.2. 


8.5.2 Laboratory Analysis of Phosphatidylethanol 


Various methods can be used in clinical laboratories for the determination of 
phosphatidylethanol, including thin-layer chromatography, HPLC coupled 
with use of a evaporative light scattering detector, GC-MS, nonaqueous cap- 
illary electrophoresis, immunoassay using phosphatidylethanol-specific 
monoclonal antibody, and LC—MS/MS [91]. Phosphatidylethanol-specific 
antibody can be generated using the traditional hybridoma technique, and 
such monoclonal antibody can be incorporated to develop an immunoassay 
for detection of phosphatidylethanol in whole blood [92]. Yon and Han 
described a GC-MS protocol for the determination of trimethylsilyl 
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BOX 8.2 CRITICAL ISSUES REGARDING INTERPRETATION OF RESULTS 
RELATING TO PHOSPHATIDYLETHANOL 


m Phosphatidylethanol is almost exclusively found in 


Phosphatidylethanol is useful for determining whether 


erythrocyte membranes, and it is analyzed in whole 
blood only, preferably by using liquid chromatography 
combined with tandem mass spectrometry. 

In general, phosphatidylethanol 16:0/18:1 (palmitic 
acid/oleic acid) and phosphatidylethanol 16:0/18:2 


a subject is practicing abstinence, especially if ethyl 
glucuronide and/or ethyl sulfate levels are low. In 
addition, %CDT values increase in pregnancy, but 
phosphatidylethanol levels are unaffected. Therefore, 
phosphatidylethanol is a good marker to assess 


(palmitic acid/linoleic acid) are two major molecular 
species which are usually extracted from human 
erythrocytes. Combining these two most abundant 
molecular species is sufficient to calculate the total 
phosphatidylethanol level in blood. However, some 





alcohol use during pregnancy. Phosphatidylethanol is 
also a good marker to determine antemortem heavy 
alcohol consumption during forensic autopsy. 

In Sweden, a cutoff of 0.7 pmol/L (492 ng/mL] has been 
proposed for phosphatidylethanol, although a firm 


investigators prefer to use 16:0/18:1 molecular cutoff value is not yet established internationally 


species, which is the most abundant molecular species (multiplying micromoles per liter (pmol/L) by 703 yields 


for quantification, because the reference standard is 


a value in nanograms per microliter (ng/mL). 


commercially available. Moreover, a combination of Phosphatidylethanol may be formed in vitro in the 


more molecular species, such as 16:0/18:1, 16:0/18:2, 


presence of alcohol. 


16:0/20:4, 18:1/18:1, and 18:1/18:2, may also be used. Phosphatidylethanol is not stable in whole blood at 


Phosphatidylethanol has almost 100% specificity and 


room temperature or if frozen, but it is stable in whole 


high sensitivity to individuals who consume moderate blood for at least 30 days if stored at —80°C. However, 


to heavy amounts of alcohol (50 g of alcohol or more phosphatidylethanol is stable in dried blood spots even 


per day for 2 or 3 weeks). After abstinence, if stored at room temperature. 





phosphatidylethanol may be detected for up to 2 or Phospholipase D is capable of producing 
3 weeks in blood due to its long half-life. phosphatidylmethanol in a person who has overdosed 











Phosphatidylethanol is a superior biomarker compared with methanol. Such peak usually occurs near the 


to traditional alcohol biomarkers such as GGT, MCV, 


and %CDT. 





peak of phosphatidylethanol in the chromatogram 
during LC—MS/MS analysis. 


derivatization products of phosphatidylethanol. The two major products 
formed during derivatization with BSTFA are ethyl bis (trimethylsilyl)-phos- 
phate and tris (trimethylsilyl)-phosphate; bis (trimethylsilyl)-phosphate, with 
a molecular weight of 270.09, can be used as a marker of phosphatidyletha- 
nol [93]. However, analysis of intact molecules using HPLC or LC—MS/MS is 
the superior and most accepted method for analysis of phosphatidylethanol 
in clinical laboratories. 


Several methods have been reported for analysis of phosphatidylethanol in 
whole blood using LC—MS/MS. Whole blood may be collected using an anti- 
coagulant such as heparin. Cabarcos et al. described LC-MS/MS analysis of 
phosphatidylethanol 16:0/18:1, the main molecular species in human whole 
blood, using phosphatidylbutanol 16:0/18:1 as the internal standard after 
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liquid—liquid microextraction. Chromatographic separation was achieved 
using a reverse-phase C-8 column, and mass spectrometric analysis was con- 
ducted using negative ion mode electrospray ionization. Data were acquired 
in multiple reaction monitoring mode with phosphatidylethanol 16:0/18:1 
(m/z 701.4 > 255.2 and 281.1) and the internal standard (m/z 729.6 to 
209.2, 155.3, and 465.2). The linearity of the assay was from limit of quanti- 
fication to up to 10 pg/mL. The limit of detection was 0.01 pg/mL. A set of 
50 blood samples were analyzed, and the range of phosphatidylethanol 
detected was from the lower limit of detection to 1.71 pg/mL [94]. However, 
it is important to note that phosphatidylethanol in whole blood may 
degrade even if stored frozen; if stored at — 80°C, it is stable for at least 30 
days. Interestingly, phosphatidylethanol in dried blood spot is stable even if 
stored at room temperature [95]. Using phosphatidylpropanol as the internal 
standard, Faller et al. analyzed phosphatidylethanol molecular species in 
both whole blood and dried blood and demonstrated that whole blood 
values match dried blood values [96]. Bakhireva et al. studied the validity of 
phosphatidylethanol in dried blood spots of newborns for the identification 
of prenatal alcohol exposure and concluded that newborn phosphatidyletha- 
nol analyzed in dried blood spot is a highly specific biomarker and can facili- 
tate accurate detection of prenatal alcohol exposure in conjunction with 
other biomarkers [97]. 


8.6 SENSITIVITY AND SPECIFICITY OF DIRECT 
ALCOHOL BIOMARKERS 


As expected, the sensitivity and specificity of ethyl glucuronide, ethyl sulfate, 
fatty acid ethyl esters, and phosphatidylethanol vary with cutoff concentra- 
tion as well as the specimen in which the analyte is analyzed. However, 
phosphatidylethanol in blood has the highest specificity of 100% at a cutoff 
value of 0.36 pmol/L. The sensitivity at this cutoff is 94.5% to differentiate 
between drinkers and sober patients [88]. Bakhireva et al. reported that sensi- 
tivity of phosphatidylethanol in dried blood spot of newborn to identify pre- 
natal alcohol exposure was only 32.1%, although specificity was 100% at a 
cutoff level of 8 ng/mL. However, a battery consisting of maternal direct etha- 
nol metabolites (urinary ethyl glucuronide, urinary ethyl sulfate, and blood 
phosphatidylethanol) increased sensitivity to 50% without a substantial 
compromise of specificity of 93.8% [97]. 


For hair, ethyl glucuronide sensitivity of 96% and specificity of 99% have been 
reported at a cutoff concentration of 30 pg/mg of hair to identify individuals 
who consume alcohol chronically at an amount exceeding 60 g/day [29]. 
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However, sensitivity and specificity of hair ethyl glucuronide at a cutoff of 
8 pg/mg of hair were 92 and 87%, respectively, to identify individuals who 
consumed on average at least 28g of alcohol each day [98]. Berger et al. 
reported that at 30 pg/mg cutoff level, sensitivity and specificity of ethyl 
glucuronide in hair were 43 and 92%, respectively, for identifying high-risk 
drinkers [27]. 


Stewart et al. reported that for urinary glucuronide at a cutoff of 100 ng/mL, 
sensitivity and specificity were 76 and 93%, respectively. The authors also 
determined that sensitivity and specificity of urinary ethyl sulfate at 25 ng/mL 
cutoff were 82 and 86%, respectively, for identifying alcohol consumption 
3—7 days prior to clinic visits [99]. Wurst et al. reported that at a cutoff of 
435 ng/mL for urinary ethyl glucuronide, the sensitivity and specificity were 
90.8 and 76.5%, respectively, for determining sobriety for less than 24 hr 
[100]. Ethyl glucuronide at a positive cutoff of 2.0nmol/g of meconium 
(444.2 ng/g because the molecular weight of ethyl glucuronide is 222.1) 
showed both sensitivity and specificity of 100% to discriminate true prenatal 
exposure of ethanol [101]. Interestingly, in one report, although specimens 
were collected from the same socioeconomic groups in two cities, the authors 
observed that the median value of ethyl glucuronide in meconium was 
101.5 ng/g (n= 81) in specimens collected from Barcelona, Spain, but was 
15.6 ng/g (n= 96) in samples collected from Reggio Emilia, Italy. The authors 
commented that in the Barcelona cohort, ethyl glucuronide values allowed 
differentiation between specimens with fatty acid ethyl ester values below or 
above the cutoff concentration (2 nmol/g) [102]. Chan et al. reported that at a 
cutoff of 2 nmol of total fatty acid ethyl esters per gram of meconium, the sen- 
sitivity and specificity were 100 and 98.4%, respectively, for identifying mater- 
nal alcohol consumption [103]. Sensitivity and specificity of direct alcohol 
biomarkers are summarized in Table 8.4. 


Table 8.4 Sensitivity and Specificity of Direct Alcohol Biomarkers 


Alcohol Biomarker 


Ethyl glucuronide 
Ethyl glucuronide 


Ethyl sulfate 
FAE 
FAEE 
Phosphatidylethanol 





Specimen Cutoff Level Sensitivity (%) Specificity (%) 


Urine 100 ng/mL 76 93 
435 ng/mL 90.8 76.5 

Hair 30 pg/mg 96 99 
8 pg/mg 92 87 

Urine 25 ng/mL 82 86 

Hair 0.29 ng/mg 90 

Meconium 2 nmol/g/600 ng/mL 

Blood 0.36 pmol/L 





8.7 CONCLUSIONS 


Direct biomarkers of alcohol, including ethyl glucuronide, ethyl sulfate, fatty 
acid ethyl esters, and phosphatidylethanol, are used in various clinical set- 
tings, such as workplace drug and alcohol testing, monitoring alcohol con- 
sumption if suspected in pregnant women, and military drug and alcohol 
testing programs, as well as drug and rehabilitation programs. These alcohol 
biomarkers are also routinely used in forensic investigations. Although ethyl 
glucuronide and ethyl sulfate represent single-molecule, fatty acid ethyl esters 
and phosphatidylethanol, each represents a class of molecules. In general, 
phosphatidylethanol has specificity close to 100% and is an emerging alcohol 
biomarker. Although immunoassay is commercially available for monitoring 
ethyl glucuronide, chromatographic methods are more applicable for the 
determination of fatty acid ethyl esters in hair and phosphatidylethanol 
in blood. 
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CHAPTER 9 


Less Commonly Used Alcohol 
Biomarkers and Proteomics 
in Alcohol Biomarker Discovery 


9.1 INTRODUCTION 


There are several alcohol biomarkers that are used less often than common 
indirect alcohol state biomarkers such as y-glutamyl transferase (GGT), 
alanine aminotransferase (ALT), aspartate aminotransferase (AST), mean cor- 
puscular volume (MCV), carbohydrate deficient transferrin (CDT), and 
B-hexosaminidase. Direct alcohol biomarkers such as ethyl glucuronide, ethyl 
sulfate, and fatty acid ethyl esters are also widely used in both clinical and 
forensic settings. Acetaldehyde, the first metabolite of alcohol, is a very reac- 
tive molecule that forms adducts with proteins. Hemoglobin—acetaldehyde 
adduct is a direct alcohol biomarker but is less commonly used than ethyl 
glucuronide, ethyl sulfate, and fatty acid ethyl esters due to technical difficul- 
ties associated with its measurement. Another direct alcohol biomarker, 
phosphatidylethanol, has almost 100% specificity and is gaining more appli- 
cations in both clinical and forensic investigations. There are other alcohol 
biomarkers, such as total sialic acid in serum, plasma sialic acid index of apo- 
lipoprotein J (Apo J), 5-hydroxytryptophol, cholesteryl ester transfer protein, 
homocysteine, and circulating cytokines, but these are used less often in clin- 
ical and legal investigations compared to biomarkers such as ethyl glucuro- 
nide. Various characteristics of three biomarkers—total sialic acid in serum, 
plasma sialic acid index of Apo J, and 5-hydroxytryptophol—are listed in 
Table 9.1. 


9.2 TOTAL SIALIC ACID IN SERUM AS ALCOHOL 
BIOMARKER 


Sialic acids comprise a family of more than 50 naturally occurring carbohy- 
drates that are derivatives of the 9-carbon monosaccharide neuraminic acid 
(5-amino-3,5-dideoxy-p-glycero-p-galactononulsonic acid). One branch of the 
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Table 9.1 Characteristics of Plasma Total Sialic Acid, Sialic Acid Index of 
Apo J, and 5-Hydroxytryptophol as Alcohol Biomarkers 


Alcohol Biomarker 


Plasma (serum) total 
sialic acid 


Sialic acid index of 
plasma Apo J 


5-Hydroxytryptophol 


Cutoff Level 


Measured in serum or plasma 
with cutoff value of 77.8 mg/dL 
in females and 80 mg/dL in 
males [6]. 


Measured in HDL fraction of 
serum or plasma, but cutoff 
value is not yet established. 


Measured in urine and usually 
expressed as the ratio of 
picomoles of 5- 
hydroxytryptophol to 
nanomoles of 5-hydroxyindole- 
3-acetic acid. A value of 

15 pmol/nmol is considered a 
cutoff value. 


Comments 


Total sialic acid value in serum 
or plasma is increased 
following excessive drinking. 
After 3 weeks of abstinence, 
values are reduced more 
significantly in women. 
However, various disease 
states may increase total 
plasma sialic acid levels. 
Plasma total sialic acid is an 
indirect alcohol biomarker for 
heavy alcohol consumption. 
Sensitivity is 57.7% in females 
and 47.8% in males. Specificity 
is 95.5% in females and 81.3% 
in males. 


Alcohol interferes with 
incorporation of sialic acid 
moiety in the Apo J molecule. 
Usually, with consumption of 
50—60 g of alcohol per day for 
30 days, sialic acid index of 
plasma Apo J may be reduced 
by 50%, but with abstinence, 
values may return to normal in 
8 weeks (half-life, 4—5 weeks). 
Specificity is approximately 
100%, and sensitivity is 
90—92%. 
Sialic acid index of plasma Apo 
J is an indirect alcoho 
biomarker for heavy alcohol 
consumption. 


Although considered as a 
24-hr biomarker for detecting 
alcohol consumption, in one 
report the median detection 
window was 9.8 hr (range, 
8—11 hr). In general, 
consumption of a small 
amount of alcohol (<10 g) may 
not be detected, but 
consumption of 50 g should 
be detected by this marker. 
Specificity is almost 100%, and 
sensitivity is 77%. 
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sialic acid family is N-acetylated to form N-acetylneuraminic acids, which are 
the most common form of sialic acids. In addition, these N-acetylneuraminic 
acids are almost the only forms of sialic acid found in humans. Sialic acids are 
rarely found in free form; they are commonly present as components of oligo- 
saccharide chains of mucins, glycoproteins, and glycolipids, where they influ- 
ence glycoprotein conformation either to serve as recognition sites or to mask 
recognition sites. In general, the central nervous system has the highest con- 
centration of sialic acid, mostly in gangliosides and glycoproteins [1]. 
In human serum, the majority of sialic acid is N-acetylneuraminic acid, which 
bears an acetyl group at the fifth carbon atom. Other forms are found only in 
very trace amounts. Total sialic acid in serum is the sum of protein-bound 
sialic acid, lipid-bound sialic acid, and free sialic acid, although free sialic acid 
represents only a very small fraction of total sialic acid. The molecular weights 
of sialic acids vary with their substitutions, but in general the average molecu- 
lar weight is assumed to be 328.2 for sialic acid in human serum or plasma. 
The normal total sialic acid in serum or plasma is 1.58—2.22 mmol/L 
(52—73 mg/dL), and that of free sialic acid in serum or plasma is 
0.5—3 pmol/L (164—985 ng/mL) [2]. Gopaul and Crook reported that total 
sialic acid level in serum varied from 1.6 to 2.3 mmol/L [3]. Priego-Capote 
et al. reported that normal levels of sialic acid in serum of healthy volunteers 
ranged from 1.0 to 1.7 mmol/L [4]. 


Chronic alcohol consumption inhibits glycosylation of many proteins, such 
as transferrin, fibrinogen, and complement proteins. CDT is used as an alco- 
hol biomarker (see Chapter 6). Because alcohol interferes with glycosylation, 
it is expected that total sialic acid in serum should increase in individuals 
who consume alcohol on a regular basis. Therefore, total sialic acid in serum 
or plasma is an indirect alcohol biomarker. Romppanen et al. studied serum 
sialic acid concentration in 51 alcoholics and 20 healthy individuals. 
The mean sialic acid concentration was significantly elevated in alcoholics 
(1.449 mmol/L; 47.5 mg/dL) compared to healthy controls, in whom the 
mean value was 1.154 mmol/L (37.8 mg/dL). The authors proposed a cutoff 
value of 1.425 mmol/L (46.7 mg/dL); at this cutoff, sensitivity and specificity 
of serum sialic acid were 51 and 100%, respectively [5]. 


Sillanaukee et al. studied 38 social drinkers and 77 alcoholics and reported 
that mean sialic acid concentration in female social drinkers (n = 22) was 
60 mg/dL, whereas in female alcoholics (n = 26) it was significantly elevated 
to 82 mg/dL. Similarly, sialic acid levels were also significantly elevated in 
male alcoholics compared to male social drinkers (mean in social drinkers: 
64 mg/dL, n = 16; mean in alcoholics: 85 mg/dL, n = 23). Female social drin- 
kers had self-reported alcohol consumption of less than 30g per week, 
whereas female alcoholics consumed more than 800 g of alcohol per week. 
The cutoff concentration suggested by the authors was 77.8 mg/dL in females 
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and 80 mg/dL in males. Male social drinkers consumed less than 50 g of alco- 
hol per week, whereas male alcoholics consumed more than 1000 g of alcohol 
per week. During follow-up of 28 alcoholics participating in inpatient treat- 
ment, serum sialic acid levels were decreased after 3 weeks of treatment in 
female alcoholics, but in male alcoholics, such decreases were less remarkable. 
The sensitivity and specificity of sialic acid as an alcohol biomarker were 57.7 
and 95.5%, respectively, in women and 47.8 and 81.3%, respectively, in men 
[6]. In another study, which involved 75 male alcoholics with mean alcohol 
consumption of 920 g per week (range, 120—3160 g/week) and mean alcohol 
dependency of 13 years (range, 1—33 years), the plasma total sialic acid levels 
were significantly elevated in alcoholics (mean in controls, 67.7 mg/dL; mean 
in alcoholics, 73.2 mg/dL). Although values of other alcohol biomarkers, such 
as %CDT, ALT, AST, GGT, and MCV, were reduced statistically with absti- 
nence, no such correlation was observed with total plasma sialic acid concen- 
tration in male alcoholics. The authors concluded that %CDT had the highest 
accuracy among the alcohol biomarkers tested [7]. 


9.2.1 Other Causes of Elevated Plasma Sialic Acid 
Concentrations 


Total sialic acid in plasma may be increased in a variety of diseases [2,8], 
which are listed in Box 9.1. Crook et al. reported elevated serum total sialic 
acid concentrations in elderly (mean age, 80.1 years) compared to younger 
subjects (mean age, 40.3 years). The mean total sialic acid level in serum of 
elderly subjects was 2.41 mmol/L (79.0 mg/dL), and that in younger subjects 
was 2.04 mmol/L (66.9 mg/dL) [9]. 


BOX 9.1 POPULATIONS AND DISEASES IN WHICH PLASMA 
OR SERUM TOTAL SIALIC ACID CONCENTRATIONS ARE 
INCREASED 


Elderly 
Various tissue cancers (oral, breast, 
gastrointestinal tract, lung, stomach, 


colorectal, gallbladder, thyroid, adrenal, 


pancreatic, prostate, endometrial, and 
ovarian) and certain leukemias such as 
chronic lymphocytic leukemia 
Bacterial infection 

Chronic glomerulonephritis 

Chronic renal failure 

Crohn's disease 

Type 1 and type 2 diabetes 


Cardiovascular diseases 
Atherosclerosis and myocardial 
infarction 

Sympathetic ophthalmitis 
Inflammatory disease such as 
rheumatoid arthritis 

Inherited disorders of sialic acid. 
(Measuring urinary bound and free sialic 
acid is useful as a screening test for 
inherited disorders of lysosomal 
metabolism.) 
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More than four decades ago, specific tumor characteristics were ascribed to 
the increased expression of sialic acid sugars on the surface of the cancer 
cells, which led to the definition of sialic acid as a potential therapeutic target 
[10]. Narayanan commented that either total sialic acid in serum or plasma 
or lipid-bound sialic acid can be used as a tumor marker [11]. Dwivedi et al. 
studied plasma lipid-bound sialic acid concentrations in patients with differ- 
ent types of cancer, including breast cancer, lung cancer, colon cancer, ovar- 
ian cancer, prostate cancer, leukemia, gastrointestinal cancer, thyroid cancer, 
pancreatic cancer, and adrenal cancer, as well as normal volunteers and 
patients with nonmalignant disease. Mean plasma lipid-bound sialic acid 
concentration was 17.7 mg/dL, and the highest mean lipid-bound sialic acid 
concentration was observed in patients with adrenal cancer (119.5 mg/dL). 
Only 2 of 114 cancer patients showed lipid-bound plasma sialic acid levels 
within the normal range. The authors reported that plasma lipid-bound sialic 
acid had a sensitivity of 98.2% as a cancer biomarker [12]. Serum sialic acid 
is also increased in patients with endometrial cancer compared to controls 
(mean value in cancer patients: 2.38 mmol/L, 78.1 mg/dL; mean value in 
controls: 1.52 mmol/L, 49.8 mg/dL) [13]. 


Increased plasma total sialic acid levels are a marker of cardiovascular dis- 
eases in patients receiving dialysis. In one study, the authors observed that 
mean plasma total sialic acid was 91.2 mg/dL in dialysis patients with cardio- 
vascular disease compared to a mean of 82.0 mg/dL in stable renal dialysis 
patients [14]. Serum sialic acid concentration is elevated in patients with 
insulin-dependent diabetes mellitus (type 1 diabetes) with normal albumin 
concentration in urine compared to healthy controls. Serum sialic acid con- 
centrations were further increased in patients with incipient nephropathy and 
clinical nephropathy [15]. Serum sialic acid concentration is also increased in 
non-insulin-dependent diabetes mellitus (type 2 diabetes), and this may be 
related to diabetic complications. Increased serum sialic acid is also an inde- 
pendent risk factor for cardiovascular mortality. Serum or plasma sialic acid 
levels are increased in myocardial infarction [8]. Like C-reactive protein, sialic 
acid is an inflammatory marker that is increased in various inflammatory dis- 
eases. Von Versen-Hoeynck et al. reported elevated plasma levels of sialic acid 
in pregnancy [16]. Moreover, in liver cirrhosis, free sialic acid in serum is 
also increased [17]. 


9.2.2 Laboratory Determination of Total Sialic Acid 


Methods such as colorimetric, enzymatic, fluorescence, and chromatographic 
methods including thin-layer chromatography (TLC) can be used to determine 
total sialic acid concentrations in serum or plasma. One of the longest-used col- 
orimetric assays for sialic acid is the thiobarbituric acid assay, in which sialic 
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acid is oxidized with sodium periodate in concentrated phosphoric acid, the 
periodate oxidation product then being coupled with thiobarbituric acid; the 
chromophore can be extracted in cyclohexanone and measured spectrophoto- 
metrically at 549 nm [18]. Orcinol reacts with sialic acid in the presence of ferric 
ions and hydrochloric acid. The resultant chromophore formed after heating at 
100°C can be extracted after cooling in isoamyl alcohol and then measured 
spectrophotometrically at 572 nm. However, this method suffers from interfer- 
ence (hexoses, pentoses, and uronic acid) [8]. Resorcinol can also be used to 
determine sialic acid levels in serum colorimetrically, where the chromophore 
formed in the presence of cupric ion and resorcinol can be measured at 580-nm 
wavelength. Crook et al. compared a commercially available enzyme assay of 
sialic acid with thiobarbituric acid and resorcinol methods and found that the 
performances of these three assays were similar. This enzymatic assay can be 
easily adapted to an automated analyzer [19]. 


Simpson et al. described an adaptation of an enzymatic assay on microtiter plates 
for determination of sialic acid in serum. The assay was based on the release of 
sialic acid from glycoconjugates by neuraminidase, cleavage of sialic acid by N- 
acetyl neuraminic acid aldolase to release acyl-mannosamine and pyruvate, and 
finally oxidation of pyruvate to generate hydrogen peroxide using pyruvate oxi- 
dase. Hydrogen peroxide was determined colorimetrically by the red product 
formed in the presence of peroxidase, 4-aminoantipyrine, and N-ethyl-N-2- 
hydroxyethyl-3-toluidine [20]. Alternatively, pyruvate generated can also be mea- 
sured using lactate dehydrogenase enzyme and 340-nm wavelength. Many fluo- 
rescence methods for the determination of sialic acid have been reported. One of 
the earliest assays utilized heating of sialic acid in the presence of diluted hydro- 
chloric acid with 3,5-diaminobenzoic acid, which produced an intensely green 
fluorescent compound. Other fluorescence assays involved an adaptation of the 
periodic acid/thiobarbituric acid colorimetric assay in which the chromophore 
was excited at 550 nm and emission measured at 570 nm. The formation of 
fluorescent product using pyridoxine has also been discussed [8]. 


Sialic acid in serum or plasma can also be determined by chromatographic 
methods such as gas chromatography combined with mass spectrometry 
(GC-MS), high-performance liquid chromatography (HPLC), and liquid 
chromatography combined with mass spectrometry (LC—MS) or tandem 
mass spectrometry (LC—MS/MS). Sugawara et al. measured the concentration 
of N-acetylneuraminic acid, the major sialic acid in serum, using N-[*H3]- 
acetylneuraminic acid (stable isotope of N-acetylneuraminic acid) as the 
internal standard and GC—MS. Both N-acetylneuraminic acid and the inter- 
nal standard were converted into trimethylsilyl derivative prior to analysis. 
The molecular weight minus the COOTMS fragment at m/z 624 was used for 
monitoring the trimethylsilyl derivative of N-acetylneuraminic acid, and the 
m/z 627 fragment was used for the internal standard [21]. Romppanen et al. 
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used high-performance anion exchange chromatography and pulsed ampero- 
metric detection to determine serum sialic acid levels in healthy volunteers. 
Total sialic acid in serum was measured after liberating sialic acid by acid 
hydrolysis [22]. Various derivatization methods have been described for anal- 
ysis of sialic acid using chromatography, including 1,2-diamino-4,6- 
dimethoxybenzene, 1,2-diamino-4,5-methylenedioxybenzene, p-toluenesulfo- 
nyl chloride, and ortho-phenylenediamine. In one report, the authors 
described the quantitative determination of N-acetylneuraminic acid and 
N-glycolylneuraminic acid in human serum and urine using LC—MS/MS [4]. 
However, N-acetylneuraminic acid in serum can also be analyzed using 
chemiluminescence detection. After releasing N-acetylneuraminic acid using 
acid hydrolysis with hydrochloric acid, Ishida et al. derivatized N-acetylneura- 
minic acid along with the internal standard N-glycolylneuraminic acid using 
4,5-diaminophthalhydrazide dichloride, a chemiluminescent derivatizing 
agent for a-keto acids. The authors used a reverse-phase column for 
chromatographic separation; for detection, chemiluminescence was produced 
by the reaction with hydrogen peroxide in the presence of potassium hexa- 
cyanoferrate [23]. After releasing sialic acids in serum by hydrolysis, Li con- 
verted them to highly fluorescent compounds in borate buffer with 
malononitrile. The reaction mixture was separated with an octadecyl-bonded 
silica column using a mobile phase of methanol and ammonium acetate 
buffer (15:85 by volume). Measurement of fluorescence activity was achieved 
at 434 nm (extinction wavelength, 357 nm). The linearity of the assay was 
30—1000 ng/mL of serum sialic acid with a detection limit of 2 ng/mL [24]. 


9.3 SIALIC ACID INDEX OF APOLIPOPROTEIN J AS 
ALCOHOL BIOMARKER 


Apolipoprotein J (clusterin) is a disulfide-linked heterodimeric, highly sialy- 
lated glycoprotein expressed in a wide variety of tissue and found in all 
human fluids, including serum and plasma. The physiological function of 
Apo J is still under investigation, but it has been implicated in several diverse 
processes, including lipid transport, complement inhibition, tissue remodel- 
ing, membrane recycling, cell—cell interaction, sperm maturation, and pro- 
motion or inhibition of apoptosis [25]. Apo J has a molecular weight of 
approximately 70 kDa (Apo Ja, 34—36 kDa; Apo J, 36—39k Da) and is 
associated with high-density lipoprotein complex (HDL, and HDLs3). 
Approximately 30% of the Apo J molecule is carbohydrate, with 28 moles of 
sialic acid associated with one mole of Apo J [26]. Therefore, Apo J contains 
a much higher amount of sialic acid compared to transferrin (each molecule 
of Apo J contains 26—28 sialic acid molecules, whereas each transferrin mol- 
ecule contains only 4—6 sialic acid molecules). 


ae CHAPTER 9: Less Commonly Used Alcohol Biomarkers 


Long-term exposure to alcohol inhibits glycosylation of various proteins, 
such as incorporation of sialic acid in the transferrin molecule. Therefore, 
CDT can be used as an alcohol biomarker. Because Apo J contains a higher 
amount of sialic acid, it can be hypothesized that sialylation of the Apo J 
molecule should be vulnerable to the deleterious effect of alcohol. Synthesis 
of the mature Apo J molecule requires the addition of sugars to the molecule 
in a sequential manner and termination of the attachment with sialic acid 
molecules. Therefore, in alcoholics, activities of enzymes such as sialyltrans- 
ferase may be reduced, thus inhibiting incorporation of sialic acid molecules 
in the mature Apo J molecule. Gong et al. reported downregulation of the 
liver sialyltransferase gene in alcoholics that caused defective glycosylation of 
a number of proteins, including Apo E and Apo J [27]. As a result, the sialic 
acid index of plasma Apo J can be used as an alcohol biomarker, where 
mole of sialic acid per mole of Apo J should be reduced in alcoholics com- 
pared to healthy individuals. Value is expressed as moles of sialic acid per 
mole of Apo J; this is a number with no unit because it is a ratio. Therefore, 
this value represents the approximate number of sialic acid residues in 1 
molecule of Apo J; for example, a value of 14 indicates that approximately 
14 molecules of sialic acid are associated with 1 molecule of Apo J. However, 
the sialic index of plasma Apo J is an indirect alcohol biomarker. 


Using a rat model, Ghosh et al. observed that following treatment of rats with 
alcohol, no significant difference in sialylation index of plasma Apo J was 
observed between rats exposed to alcohol and control rats after 4 weeks. 
However, a 24% reduction in sialic acid in Apo J was observed after 6 weeks of 
alcohol treatment (18.6 in rats exposed to ethanol vs. 25.2 in controls). After 
8 weeks of treatment, a more significant decrease of 44% was observed (14.0 
in rats treated with alcohol vs. 25.2 in controls). Furthermore, a significant 
recovery was observed following alcohol withdrawal, with 38, 78, 84, and 
96% recovery, respectively, after 1, 2, 3, and 4 weeks of alcohol abstinence. 
These changes in the sialic aid index of Apo J were accompanied by a similar 
pattern of changes in the enzymatic activities of hepatic sialyltransferase and 
plasma sialidase in rats undergoing chronic alcohol treatment, withdrawal, 
and an abstinence period. For example, in rats, the activities of liver sialyl- 
transferase, which catalyzes the incorporation of sialic acid in Apo J, were 
reduced from 17.4 nmol/g of liver/hr (mean value) on day 0 to 8.4 nmol/g of 
liver/hr after 8 weeks of chronic alcohol exposure. In contrast, plasma sialidase 
activities were increased from 92.4 to 212.6 nmol/mL plasma/hr after 8 weeks 
of chronic exposure of alcohol. The plasma sialidase enzyme catalyzes the 
removal of sialic acid from the Apo J molecule. The authors concluded that 
the sialylation index of Apo J is suitable to evaluate ethanol exposure [28]. 


Because Apo J contains 26—28 sialic acid residues per mole, it is expected that 
the sialylation index of Apo J should also be a good alcohol biomarker of 
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alcohol in humans. In one study, the authors reported that in human subjects, 
intake of alcohol for 30 days led to an almost 50% decrease in sialic acid index 
in Apo J. Patients who consumed 50—60 g of alcohol per day showed a mean 
sialic index of Apo J (moles of sialic acid per mole of Apo J) of 14 (n= 15), 
whereas in controls, the value was 28 (n = 15). However, when such subjects 
underwent detoxification, the mean value was 21 after 6 weeks and 26 after 
8 weeks , indicating 85.7% recovery of sialic acid in the Apo J molecule after 
8 weeks. The authors also measured CDT in these subjects and noted that the 
plasma sialic acid index of Apo J responded to changes in alcohol consump- 
tion with higher sensitivity than observed with CDT [29]. The specificity of the 
sialic acid index of Apo J is approximately 100%, the sensitivity is approxi- 
mately 90—92%, and the half-life is 4 or 5 weeks [30]. 


Wurst et al. reported that in five male alcohol-dependent patients, the sialic acid 
indexes of plasma Apo J and phosphatidylethanol were positive; determinations 
of urine ethyl glucuronide and ethyl sulfate were positive, but serum GGT and 
MCV were positive in only three of five patients. The individual sialic acid index 
of Apo J increased during detoxification, and a 44.7% increase was observed after 
28 days. Both urinary ethyl glucuronide and ethyl sulfate levels were positive 
during initiation of the detoxification process, but both ethyl glucuronide and 
ethyl sulfate concentrations were reduced significantly within 3 days of detoxifi- 
cation, with some values reduced below the cutoff levels. The authors used a cut- 
off of 100 ng/mL for ethyl glucuronide and 110 ng/mL for ethyl sulfate. 
They did not establish a cutoff value for the sialic acid index of plasma Apo J, 
but they observed a significant trend, with average subjects’ sialic acid index of 
plasma Apo J increasing by 1.22 moles of sialic acid per mole of Apo J per week. 
The authors concluded that the sialic acid indexes of both Apo J and phosphati- 
dylethanol hold potential as markers of heavy alcohol consumption [31]. 


9.3.1 Laboratory Methods for the Determination of the 
Sialic Acid Index of Plasma Apolipoprotein J 


Measurement of the sialic acid index of plasma Apo J is a multistep process 
in which the HDL fraction is passed through an immunoaffinity column con- 
taining Sepharose 4B matrix with a covalently attached antibody to Apo J. 
Purified Apo J is eluted from the column using solvent with differential ionic 
strength. Then, purified Apo J is subjected to sulfuric acid-induced hydrolysis 
(90 min at 80°C) to release sialic acid from Apo J, followed by quantification 
of sialic acid using a colorimetric assay such as the thiobarbituric acid assay. 
Apo J is also quantified using a standard protein assay. Wurst et al. precipi- 
tated Apo B-containing lipoproteins using manganese and heparin, followed 
by precipitation of HDL, using dextran sulfate (molecular weight, 15 kDa). 
The precipitated HDL, fraction containing Apo J was further purified by 
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Sephadex column and then passed through a Sepharose 4B matrix conju- 
gated with anti-Apo J (human clusterin). The bound Apo J was eluted with 
phosphate buffer containing varyied strengths of sodium chloride (0.5—1.0 
molar). All eluted fractions were monitored for protein at 280 nm. Then pro- 
tein fractions were concentrated and authenticity was verified by polyacryl- 
amide gel electrophoresis against known molecular weight markers. Next, the 
protein fraction was quantified and the Apo J fraction was hydrolyzed with 
0.1 N sulfuric acid, and sialic acid content was measured by thiobarbituric 
acid colorimetric assay [31]. Ghosh et al. observed that sialic acid content 
was 400 pmol/ug of Apo J in healthy individuals. Assuming the molecular 
weight of Apo J to be 70 kDa, 1 ug of Apo J is equivalent to 0.0142 nmol or 
14.2 pmol. Therefore, 400 pmol of sialic acid was associated with 
14.28 pmol of Apo J, which translates into 28 pmol of sialic acid associated 
with 1 pmol of Apo J or 28 mol of sialic acid associated with 1 mol of Apo J. 
Therefore, the sialic acid index of plasma Apo J (sialic acid index: moles of 
sialic acid per mole of Apo J) was 28. In alcoholics, the value was reduced to 
14 (average value in alcoholics) [29]. 


9.4 5-HYDROXYTRYPTOPHOL AS ALCOHOL BIOMARKER 


Serotonin (5-hydroxytryptamine), a neuromodulator with both neuroendo- 
crine and neurotransmitter function, is synthesized in serotonergic neurons in 
the central nervous system and in the enterochromaffin cells throughout the 
gastrointestinal tract. Normally, serotonin is metabolized to 5-hydroxyindole- 
3-acetaldehyde by the action of monoamine oxidase enzyme (monoamine 
oxidase A has the highest affinity for serotonin). Then 5-hydroxyindole-3- 
acetaldehyde is either oxidized into 5-hydroxyindole-3-acetic acid (5-HIAA) or 
reduced to 5-hydroxytryptophol (5-HTOL). Oxidation of 5-hydroxyindole-3- 
acetaldehyde by the action of aldehyde dehydrogenase is the major metabolic 
pathway, where nicotinamide adenine dinucleotide (NAD) is used as a cofac- 
tor. Reduction of 5-hydroxyindole-3-acetaldehyde into 5-HTOL is catalyzed 
by alcohol dehydrogenase and, to some extent, aldehyde reductase. In urine, 
5-HTOL is a minor metabolite representing less than 1% of serotonin turn- 
over, whereas 5-HIAA is the major metabolite. However, alcohol consumption 
causes a shift in the serotonin metabolism from 5-HIAA to 5-HTOL due to 
competitive inhibition of aldehyde dehydrogenase by acetaldehyde, the major 
metabolite of alcohol. In addition, increased levels of NADH due to alcohol 
metabolism also favor 5-HTOL formation [32]. This shift in serotonin metab- 
olism in the presence of ethanol is presented in Figure 9.1. Therefore, 5-HTOL 
is an indirect alcohol biomarker. In general, serotonin and 5-HIAA are found 
in urine predominantly in free form, whereas 5-HTOL is mainly excreted as 
conjugates with glucuronic acid [33]. However, sulfate conjugate of 5-HTOL is 
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FIGURE 9.1 Metabolic pathway of serotonin in the presence of ethanol. 

Serotonin (5-HT) is metabolized in the first step by monoamine oxidase (MAO) into 5-hydroxyindole-3- 
acetaldehyde (5-HIAL). Normally, 5-HIAL is metabolized to 5-hydroxyindole-3-acetic acid (6-HIAA) by 
aldehyde dehydrogenase (ALDH). In addition, a minor metabolite, 5-hydroxytryptopho! (5-HTOL), is 
formed by the action of alcoho! dehydrogenase (ADH) and to some extent by aldehyde reductase. 
Conversion of ethanol (CH3CH20H) by ADH to acetaldehyde (CH3CHO) increases the ratio of NADH:NAD, 
thus favoring conversion of 5-HIAL to 5-HTOL. In addition to reduction, ADH has the capability to oxidize 
aldehyde. However, acetaldehyde formed due to ethanol metabolism is converted mostly by ALDH to 
acetic acid (CHCOOH). Source: Svensson et al., [32]. © FEBS/John Wiley. Reprinted with permission. 
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also found in urine. Stephanson et al. reported that in 13 healthy humans 
without previous intake of alcohol, urinary 5-hydroxytryptophol glucuronide 
(GTOL) levels varied from 38 to 327 nmol/L. The authors also determined 
that the ratio of GTOL with 5-HIAA (pmol/nmol) in these subjects varied 
from 2.6 to 12.0 [34]. In another study by the same group, urinary GTOL 
levels varied between 14 and 197 nmol/L, urinary 5-HIAA concentrations 
varied between 2 and 45 pmol/L, and the GTOL/5-HIAA ratio (nmol/pmol) 
varied from 2.5 to 10.5 (mean, 5.1). However, in drinkers, the ratio (nmol/ 
umol) varied from 15.3 to 382 (median, 33.2) [35]. Although the authors 
used the nanomole (GTOL) to micromole (5-HIAA) ratio, other investigators 
have used the ratio of picomoles of 5-HTOL to nanomoles of 5-HIAA to inves- 
tigate the effect of alcohol on urinary secretion of 5-HTOL and 5-HIAA. For 
the determination of 5-HTOL in urine, glucuronide conjugate must be 
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hydrolyzed to liberate free 5-HTOL prior to analysis. Alternatively, GTOL in 
urine can be determined directly by LC—MS/MS without hydrolysis if the 
GTOL/5-HIAA ratio is used as an alcohol biomarker. 


The ratio of 5-HTOL and 5-HIAA in urine is usually determined to evaluate 
alcohol consumption by an individual because the ratio increases signifi- 
cantly in people who consume alcohol. The advantages of using this ratio are 
that it compensates for urine dilution and accounts for dietary sources of 
serotonin. In general, it is assumed that the detection window of the 
5-HTOL/5-HIAA ratio in urine is approximately 5—15 hr longer than the 
window of detection of ethanol in urine, and this biomarker is considered as 
a 24-hr alcohol biomarker. Although consumption of a low amount (<10 g) 
of ethanol in the evening may not increase the ratio of 5-HTOL and 5-HIAA 
in urine, consumption of 50 g or ethanol or more should increase the ratio 
significantly. Higher ratios are indicative of more ethanol consumption 
almost in a dose-dependent manner. The specificity of this alcohol bio- 
marker is almost 100% [36]. The sensitivity for consuming 50 g of alcohol or 
more is 77% at a cutoff value of 15 pmol/nmol [37]. 


Voltaire et al. reported that when 30 healthy volunteers (16 males and 14 
females) ingested 20, 40, or 60g of ethanol at 5:00—7:00 pm and urine 
was collected at 7:00 am the next morning and also after 9 days of abstinence, 
the mean ratio of picomoles of 5-HTOL to nanomoles of 5-HIAA was 
25 pmol/nmol the morning after alcohol consumption and 8.8 pmol/nmol 
after 9 days of abstinence. In addition, the authors measured the 5-HTOL/ 
5-HIAA ratio in a group of 69 teetotalers, and the observed mean value was 
7.6 pmol/nmol (97% values between 4 and 17 pmol/nmol with no value 
exceeding 20 pmol/nmol). The authors proposed that a value greater than 
20 (picomoles of 5-HTOL to nanomoles of 5-HIAA) can be used to indicate 
recent alcohol consumption [38]. Whereas Voltaire et al. proposed a cutoff 
value of 20, Helander et al. proposed a cutoff of 15 to identify recent alcohol 
consumption. Moreover, among 47 patients who admitted alcohol consump- 
tion (range, 10—230 g; median, 60 g) the night before, breath ethanol testing 
showed a positive response in only 4 patients. However, 17 patients showed a 
positive urinary ratio of 5-HTOL/5-HIAA above the cutoff value of 15 pmol/ 
nmol. The values in these 17 patients ranged from 21 to 583 pmol/nmol, with a 
mean value of 157 pmol/nmol [37]. 


In a study of 20 social drinkers, Bendtsen et al. observed that when volunteers 
consumed 50 g of alcohol over a 2-hr period during an evening meal, the 
mean ethanol value at the time of the next morning void collected 6—11 hr 
after bedtime was only 9 mg/dL, and the corresponding breath alcohol result 
was negative. The urinary methanol concentration increased from 0.77 mg/dL 
(pre-drinking value) to 3.06 mg/dL. A very small amount of endogenous 
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methanol is found in blood and urine. After drinking ethanol, the methanol 
level increases significantly because methanol metabolism by aldehyde dehy- 
drogenase is impaired by ethanol (which has a significantly higher affinity for 
alcohol dehydrogenase compared to methanol). In addition, methanol is 
present as congener in alcoholic beverages, further increasing the methanol 
level in body fluid after consuming ethanol. However, 5-HTOL/5-HIAA 
increased from a pre-drinking level of 6.36 to 134 pmol/nmol at the time of 
the first morning void, and such increase was more remarkable than the 
increase in methanol concentration (6-fold higher methanol level vs. 50-fold 
higher 5-HTOL/5-HIAA level after drinking). As expected, when other volun- 
teers consumed 80g of ethanol, the mean value of 5-HTOL/5-HIAA was 
increased to 296 pmol/nmol from a pre-ethanol value of 6.8 pmol/nmol [39]. 


Instead of the 5-HTOL/5-HIAA ratio, some authors have used the GTOL/5-HIAA 
ratio as an alcohol biomarker, which provides similar results to those obtained 
using the 5-HTOL/5-HIAA ratio. Hoiseth et al. reported that when 10 healthy 
male social drinkers abstained for 1 week before consuming 0.5 g of ethanol per 
kilogram of bodyweight, median time for observing maximum ethanol concen- 
tration in urine was 2.1 hr (range, 1.0—4.8 hr) after drinking. The median detec- 
tion window was 5.9 hr (range, 4.8—7.0 hr). The median time to reach 
maximum ethyl glucuronide concentration in urine was 5hr (range, 
4.0—7.0 hr), and the median detection window was 30 hr (25—48 hr). The 
median time to reach maximum GTOL/5-HIAA level was 4hr (range, 
2.3—6.0 hr), and the median detection window was 9.8 hr (range, 8.0—11.0 hr). 
The maximum median ethanol level in urine was 0.6 g/L (60 mg/dL; range, 
40—70 mg/dL), whereas the maximum median ethyl glucuronide level was 
60 mg/L (range, 47—88 mg/L) and the maximum median GTOL/5-HIAA ratio 
was 275 nmol/pmol/L (range, 199—622 nmol/pmol/L) [40]. 


CASE REPORT 9.1 


During a police investigation of an alleged rape of a analysis of the same specimen after it had been stored 
15-year-old girl, blood and urine specimens were col- for several months at 4°C showed an alcohol level of 
lected approximately 15 hr after the incident. No alcohol 550 mg/dL, confirming an ongoing fermentation process 
was detected in blood, whereas urine showed 82 mg/dL and in vitro production of alcohol in the specimen. 
of alcohol. The police interpreted the results to indicate Moreover, the 5-HTOL/5-HIAA ratio was 14 {nmol/umol), 
that because urine alcohol was 82 mg/dL, the girl was which was below the cutoff value of 15 and inconsistent 
probably drunk at the time of the incident. Because the with urine alcohol level. In fact, for a true urinary alcohol 
girl had type 1 diabetes and glycosuria, expert testimony of 82 mg/dL, the expected 5-HTOL/5-HIAA ratio should be 
was sought and the possibility of in vitro post-collection approximately 200 (nmol/umol) or greater. Therefore, 
alcohol formation in urine was suspected because the  post-collection formation of alcohol in urine was con- 
urine specimen was not preserved with fluoride. A urine firmed [41]. 
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The 5-HTOL/5-HIAA ratio is used in methadone treatment programs to mon- 
itor alcohol intake by patients. Another application is testing for sobriety in 
disulfiram (Antabuse) treatment programs [37]. However, disulfiram and 
cyanamide (calcium carbimide) are inhibitors of aldehyde dehydrogenase 
and may affect serotonin metabolism, thus increasing the 5-HTOL/5-HIAA 
ratio in urine. Whereas the effect of cyanamide lasts less than 12 hr, the effect 
of disulfiram may last for several days [42]. Helander commented that apart 
from alcohol ingestion, treatment with an aldehyde dehydrogenase inhibitor 
such as disulfiram is the only known cause of an abnormally high 5-HTOL/ 
5-HIAA ratio in urine. The author observed an increased ratio of 5-HTOL/ 
5-HIAA in all patients after initiation of disulfiram therapy. The new higher 
level reached was stable over time in each patient but varied between 
patients (mean value varied between 10.0 and 34.4 pmol/nmol). However, 
during maintenance treatment with 400 mg of disulfiram three times per 
week, the 5-HTOL/5-HIAA ratio was normally less than 60 pmol/nmol; this 
level was often exceeded if patients consumed alcohol. For some patients, 
the ratios were higher when they were not taking medication than when they 
took medication. The author concluded that during disulfiram therapy, a 
new dose-related higher 5-HTOL/5-HIAA ratio is observed in urine. However, 
this alcohol biomarker can still be used to check sobriety because if a patient 
relapses to drinking while on disulfiram, the ratio is further increased from 
the new baseline value [43]. The 5-HTOL/5-HIAA ratio in urine is also 
used in forensic investigations. In one postmortem investigation, the blood 
ethanol level was 77 mg/dL but the urine ethanol level was zero. In addition, 


CASE REPORT 9.2 


After attending a banquet, a 25-year-old graduate student 
attempted to walk home despite an outside temperature of 
—25°C, and he was later reported missing. Police investi- 
gated the case the next day and found his footprints on a 
frozen river, ending in the middle of it. The fully clothed 
victim was found downstream 31 days later. Several wit- 
nesses from the banquet he had attended told investigators 
that the victim was a binge drinker and appeared to be 
drunk the night of his disappearance. At autopsy, water- 
induced wrinkling of the skin was observed. Blood and vit- 
reous humor were preserved with fluoride/oxalate. His 
blood alcohol was 260mg/dL and urine alcohol was 
330 mg/dL, indicating acute ethanol intoxication; however, 
vitreous humor alcohol was only 50 mg/dL, which was not 
consistent with blood and urine alcohol levels. Although 
ethanol in blood and urine can form in vitro after death by 


the action of bacteria, postmortem production of ethanol in 
vitreous humor is rare because the interior of the eye is a 
sterile medium. Therefore, vitreous humor alcohol is a reli- 
able indicator of body burden of ethanol at the time of 
death. In this case, it was possible that ethanol from vitre- 
ous humor was washed out by water, and due to the low 
temperature of the river water, postmortem production of 
alcohol was unlikely. However, the family was adamant 
that the victim was not intoxicated prior to death. 
Therefore, urine 5-HTOL and 5-HIAA concentrations were 
determined: Urine 5-HTOL level was 226 pmol/mL, 5-HIAA 
level was 0.317 nmol/mL, and the 5-HTOL/5-HIAA ratio was 
713 (pmol/nmol), which was consistent with high blood and 
urine ethanol. The cause of death was determined to be 
drowning by accident, with acute ethanol intoxication listed 
as a contributing factor [46]. 
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the 5-HTOL/5-HIAA ratio was within the normal range, which confirmed the 
suspicion of postmortem ethanol formation in the blood [44]. Using a cutoff 
value of 15 pmol/nmol for the 5-HTOL/5-HIAA ratio, Johnson et al. investi- 
gated five possible ethanol-related aviation fatalities and determined that in 
four of the cases, detected ethanol was present due to postmortem microbial 
formation but not consumption, based on the 5-HTOL/5-HIAA ratio, despite 
some indication of possible antemortem ethanol consumption [45]. 


9.4.1 Laboratory Methods for Determining 5-HTOL 
and 5-HIAA 


Both GC—MS and LC—MS/MS are used for the determination of 5-HTOL 
and 5-HIAA in urine. Such methods are also applicable for determination of 
5-HTOL and 5-HIAA in other biological matrices. In general, 5-HTOL is 
excreted in urine mostly in conjugated form. Using GC—MS and deuterated 
analog as the internal standard, Beck et al. determined the concentration of 
5-HTOL in the cerebrospinal fluid (CSF) of male alcoholics. The procedure 
involves extraction of 5-HTOL after adding 5-hydroxyindole and internal 
standard to CSF using chloroform, followed by derivatization using penta- 
fluoropropionic anhydride. During ethanol intoxication in male alcoholics, 
the mean 5-HTOL value of 10.4 pmol/mL was significantly elevated com- 
pared to that of 3.31 pmol/mL observed in controls [47]. Methods based on 
HPLC have been developed using fluorometric or electrochemical detection 
after liberation of 5-HTOL glucuronide conjugate in urine using 3-glucuroni- 
dase. Again, deuterated analog of 5-HTOL can be used as an internal stan- 
dard. However, the fluorometric method is affected by interference. 
Immunochemical assay using mouse monoclonal antibody against GTOL 
has also been reported [36]. Dierkes et al. described an enzyme-linked immu- 
nosorbent assay (ELISA) for the determination of GTOL in urine [48]. 


One common approach to measure urinary 5-HTOL and 5-HIAA is to use 
two different methods. For urinary 5-HTOL, 8-glucuronidase enzyme may be 
used to hydrolyze the glucuronide conjugate, followed by derivatization and 
analysis using GC—MS and an HPLC method for analysis of urinary 5-HIAA. 
Because 5-HIAA is not conjugated in urine, no hydrolysis step is needed. 
Deuterated analog of 5-HTOL as well as deuterated analog of 5-HIAA can be 
used as internal standards. However, Johnson et al. described an LC—MS 
method for simultaneous analysis of 5-HTOL and 5-HIAA using 5-methoxy- 
2-methyl-3-indoleacteic acid as the internal standard. Urinary 5-HTOL glucu- 
ronide was hydrolyzed first using 8-glucuronidase. Then both 5-HTOL and 
5-HIAA were converted to trimethylsilyl derivative using N,O-bis(trimethylsi- 
lyl) trifluoroacetamide and analyzed by either LC-MS or LC—MS/MS. 
The authors applied the method for analysis of postmortem urine specimens 
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using a cutoff of 15 pmol/nmol 5-HTOL/5-HIAA ratio for evaluating ante- 
mortem alcohol consumption [49]. Stephanson et al. simultaneously ana- 
lyzed GTOL and 5-HIAA in urine using LC—MS/MS with deuterated GTOL 
and deuterated 5-HIAA as internal standards. Because GTOL was analyzed 
directly, no hydrolysis was conducted. The authors used reverse-phase chro- 
matography with gradient elution for chromatographic separation and elec- 
trospray ionization and monitoring two product ions per analyte in selected 
reaction monitoring mode for mass spectrometric analysis. For internal stan- 
dards, one product ion each was monitored. For GTOL, the parent ion (m/z) 
was 352.2, with two product ions at m/z 131.0 and 175.9. For deuterated 
GTOL (internal standard), the parent ion was 356.2, with the product ion at 
m/z 131.0. For 5-HIAA, the parent ion was at m/z 190.0, with two product 
ions at m/z 146.2 and 116.2. For deuterated 5-HIAA (internal standard), 
the parent ion was at m/z 192.0, and the product ion was at m/z 148.2. The 
analytical measuring range was 6.7—1000 nmol/L for GTOL and 
0.07—100 pmol/L for 5-HIAA [35]. 


9.5 OTHER ALCOHOL BIOMARKERS 


Plasma cholesteryl ester transfer protein (CETP) plays an important role in 
reverse cholesterol transport, the process in which cholesterol is transported 
from peripheral tissue back to the liver. Alcohol consumption lowers the 
activity of CETP. Hannuksela et al. observed that mean CETP activity was 
26% lower in alcoholics (mean daily alcohol consumption of 180 g) com- 
pared to controls (10 g of ethanol per day). The authors further commented 
that sensitivities and specificities of GGT, ALT, AST, and MCV were similar to 
those of CETP. The authors concluded that CETP activity is not sufficient as a 
single alcohol biomarker but may be used with other alcohol biomarkers to 
identify alcohol misuse [50]. 


Homocysteine is an excitatory amino acid that markedly enhances vulnera- 
bility of neural cells to oxidative injury. Chronic alcoholism can increase the 
serum or plasma concentration of homocysteine. The assumed reason is an 
impaired metabolism of homocysteine due to dysfunction of methionine 
synthase secondary to ethanol-induced folate and vitamin B42 deficiency. In 
addition, acetaldehyde, the metabolite of ethanol, can also inhibit methio- 
nine synthase. Bayerlein et al. reported that alcoholics with a history of 
withdrawal seizures had a significantly higher homocysteine level (mean, 
42.0 pmol/L) than did actively drinking patients without a history of seizures 
(mean, 22.5 pmol/L). The authors concluded that a high homocysteine level 
during admission may be a useful screening method to identify actively 
drinking patients with a higher risk of alcohol withdrawal seizures [51]. 


9.6 Proteomics in Alcohol Biomarker Discovery 


Cytokines are proteins implicated in cellular communication and activation. 
Cytokines play an important role in regulating various processes, including 
inflammation, cell death, cell proliferation, and cell mitigation. Circulating 
cytokines such as tumor necrosis factor-a (TNF-a), interleukin-1 (IL-1), and 
IL-6 are found to be elevated in both chronic and acute alcohol-induced liver 
disease. In addition, IL-8, IL-12, and monocyte chemoattractant protein-1 
(MCP-1) may have potential as alcohol biomarkers. However, cytokines may 
also be elevated in many neurological disorders [52]. Serum TNF-a levels are 
increased in alcoholics, especially in patients with alcoholic liver diseases, 
compared to moderate drinkers and abstainers. In one study, the authors 
observed that in the general population, most individuals (77%) had an 
undetectable level (<4 pg/mL) of TNF-a in serum (median, <4 pg/mL and 
up to 55.6 pg/mL), whereas most alcoholics (90.5%) admitted to the hospi- 
tal had detectable levels of TNF-a in serum (median, 6.6 pg/mL; range up to 
77.4 pg/mL). The 95th percentile was 8.8 pg/mL in the general population 
and 16.3 pg/mL in alcoholics [53]. Based on a study of 221 alcohol abstai- 
ners, 140 light drinkers (1—140 g ethanol per week), 53 moderate drinkers 
(141—280 g per week), and 45 heavy drinkers (>280 g per week), as well as 
137 alcoholics admitted to the hospital, Gonzalez-Quintela et al. reported 
that the proportion of individuals with abnormally high IL-8 (>10 pg/mL) 
was 5.9% in abstainers, 10.7% in light drinkers, 13.2% in moderate drinkers, 
and 17.8% in heavy drinkers, and this proportion was exceedingly high 
(70.1%) among alcoholics admitted to the hospital. Extremely high levels 
(>100 pg/mL) were observed only among alcoholics and were more fre- 
quently observed in females than in males (23.5 vs. 9.7%) [54]. 


9.6 PROTEOMICS IN ALCOHOL BIOMARKER DISCOVERY 


One of the central physiological processes that occurs in any living organism is 
the conversion of genetic information encoded in DNA into proteins (gene 
expression), and these proteins then form cells and their structural components 
or function as enzymes. Therefore, investigators can study the normal function 
of the body as well as the body's response to a disease or a condition such as 
alcohol abuse at both gene and protein levels. The field of proteomics consists 
of analysis of all proteins encoded by DNA as well as protein complexes com- 
posed of multiple interacting proteins. A wide array of technologies that are rel- 
atively straightforward and amenable to high-throughput analysis are currently 
available for the study of genomics, proteomics, and even metabolomics. 


Proteomics can be subclassified into three groups. Structural proteomics con- 
sists of structural analysis of a protein using methods such as X-ray crys- 
tallography and nuclear magnetic resonance spectroscopy. In expression 
proteomics, patterns of protein expression under different conditions or 
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diseases are studied. Functional proteomics explores protein activities and 
the interaction of proteins with each other. In alcohol biomarker discovery, 
functional proteomics is used. One of the aims is to discover new biomarkers 
related to a condition or disease. The two-dimensional electrophoresis tech- 
nique has been in use for a long time to study various proteins present in a 
specimen. Currently, two methods are widely used for protein separation in 
proteomics: electrophoresis and HPLC. For protein identification, affinity 
reagents such as antibodies can be used. However, mass spectrometry is a 
more sophisticated technique for protein identification in proteomics, where 
intact proteins or polypeptides may be analyzed directly or in a bottom-up 
method in which proteins are digested with an enzyme to produce short pep- 
tides that are analyzed by mass spectrometry. Tryptic digestion is commonly 
used to generate such peptides. Then data are entered into a computer, and 
specialized software can be used to generate a list of the masses of all mea- 
sured peptides that can be matched with a database of known proteins. Two 
mass spectrometric approaches are used in proteomics alcohol biomarker 
discovery research: matrix-assisted laser desorption time-of-flight (MALDI- 
TOF) mass spectrometry and electrospray ionization combined with tandem 
mass spectrometry [55]. An earlier report of application of proteomics in 
alcohol biomarker research using two-dimensional protein electrophoresis 
demonstrated that proteins such as a,-acid glycoprotein, IgA, a ,-antichymo- 
trypsin, haptoglobin, and Apo A-I lipoprotein were elevated, whereas anti- 
thrombin III was decreased, in sera of alcoholics. A later report showed that 
eight proteins were found to be potential biomarkers of fetal alcohol syn- 
drome. Again, haptoglobin and a,-antichymotrypsin were included in these 
eight proteins [56]. 


9.6.1 Specific Proteins Identified as Alcohol Biomarkers 
Using the Proteomics Approach 


In a study that used surface enhanced laser desorption/ionization time-of- 
flight mass spectrometry (SELDI-TOF-MS) (ProteinChip, SELDI Technology) 
and included 16 chronic alcoholic patients hospitalized for a rehabilitation 
program, Nomura et al. observed that two peptides with molecular weights 
of 5.9 and 7.8kDa were downregulated on admission in these patients. 
However, the expression level of these proteins increased after 1 week of 
abstinence. The authors identified the 5.9-kDa protein as a fragment of the 
fibrinogen a-E chain and the 7.8-kDa protein as a fragment of Apo A-II [57]. 
Using SELDI-TOF-MS, Sogawa et al. identified three potential markers for 
alcoholism—two peptides with molecular weights of 5.9 and 7.8 kDa and a 
protein with molecular weight of 28 kDa. The two peptides were downregu- 
lated in alcoholics but increased with abstinence. In contrast, the 28-kDa 
protein was elevated in alcoholics but decreased during abstinence. 
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The 5.9-kDa peptide was a fragment of the fibrinogen a-E chain, the 7.8-kDa 
protein was a fragment of Apo A-II, and the 28-kDa protein was identified 
by the authors as intact Apo A-I. The sensitivity and specificity were highest 
for the 5.9-kDa peptide. When the 5.9-kDa peptide and the 28-kDa protein 
were combined with GGT, 96.8% of habitual drinkers were successfully 
screened with a specificity of 60.9% [58]. 


Using magnetic beads and MALDI-TOF-MS, Sogawa et al. identified 22 peaks 
that were significantly altered in alcoholics who were admitted to hospital 
for a rehabilitation program. Of the 22 peaks, 3 had an m/z of 3000 or less 
and had substantial peak intensities; these were subjected to tandem mass 
spectrometric analysis. The 1466- and 1616-Da peptides were upregulated 
during admission and were identified as fragments of fibrinopeptide A and 
phosphorylated fibrinopeptide A. In contrast, the 2660-Da peptide peak, 
which was downregulated during admission, increased during abstinence. 
This peptide was identified as a fragment of the fibrinogen a-C chain. These 
peaks were not detectable using the SELDI-TOF-MS ProteinChip system. The 
alterations in these peaks induced by alcohol abuse were also seen in GGT 
nonresponders. The authors concluded that these protein fragments may be 
used as additional alcohol biomarkers [59]. Later, a sandwich ELISA was 
developed for rapid analysis of the 5.9-kDa protein so that it might be used 
as a potential diagnostic tool for measuring this alcohol biomarker. The 
ELISA result correlated with that of stable isotope dilution mass spectrometry 
using the ClinProt system [60]. 


Using ProteinChip and ClinProt systems, Sogawa et al., through a three-step 
proteome analysis, observed that five proteins—ay-HS glycoprotein, Apo A-I, 
glutathione peroxidase-3, heparin cofactor II, and pigment epithelium-derived 
factor—were significantly higher in concentration on admission in alcoholics 
compared to 8 weeks after abstinence. Western blotting and ELISA confirmed 
upregulation of pigment epithelium-derived factor in alcoholics. Serum levels 
of pigment epithelium-derived factor were significantly higher in moderate to 
heavy drinkers (14.2 + 7.7 g/mL) compared to healthy subjects without a 
history of alcohol consumption (5.5 + 3.0 g/mL). Serum levels of pigment 
epithelium-derived factor in patients with nonalcoholic chronic liver diseases 
were comparable to values observed in healthy subjects [61]. Using proteomic 
workflow including LC—MS/MS with enrichment of serum carrier protein- 
bound biomarker technique for discovery of alcohol biomarkers, Lai et al. 
initially identified 311 candidate proteins that were bound to serum carrier 
proteins. Further analysis revealed the following proteins not previously 
described to be associated with alcohol abuse: gelsolin, selenoprotein P, sero- 
transferrin, tetranectin, hemopexin, histidine-rich glycoprotein, plasma kalli- 
krein, and vitronectin. Altered abundance of these proteins suggests that they 
may be potential novel biomarkers for alcohol abuse [62]. 
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Using two-dimensional difference in gel electrophoresis, Freeman et al. 
observed altered levels of serum amyloid A4, retinol binding protein, 
inter-a inhibitor H4 (a serine protease inhibitor), clusterin, and fibronec- 
tin in plasma of primates exposed to alcohol. Examination of these target 
plasma proteins in human subjects demonstrated increased levels of 
serum amyloid A4 and clusterin and decreased levels of fibronectin in 
serum of alcoholics compared to control subjects. These proteins may 
serve as a target of future alcohol biomarker development [63]. In rats 
that were chronically fed alcohol, Yamada et al. observed 46 protein spots 
that were differentially expressed in liver homogenates and cytosol frac- 
tion. The most notable change was downregulation of a 29-kDa protein 
subsequently identified as carbonic anhydrase III. The messenger RNA 
level of this protein was also decreased. In rat serum, 41 proteins were dif- 
ferentially expressed; of these proteins, betaine-homocysteine methyltrans- 
ferase was also found to be differentially expressed in rat liver. The 
expression of this protein was upregulated in both the liver and the serum 
of alcohol-fed rats [64]. Using a 17-plasma protein panel, Freeman et al. 
correctly classified abusive drinking in the primate model with 100% sen- 
sitivity and 88% accuracy [65]. Potential alcohol biomarkers discovered 
through proteomic analysis of human sera are summarized in Table 9.2. 


Table 9.2 Potential Alcohol Biomarkers Discovered through Proteomic 
Analysis of Human Serum 


Upregulated Proteins as Potential Downregulated Proteins as Potential 
Alcohol Biomarkers Alcohol Biomarker 


a4-Acid glycoprotein Antithrombin Ill 

IgA Fibrinogen a-E chain fragment (5.9 kDa) 

a4-Antichymotrypsin Fragment of apolipoprotein A-II (7.8 kDa) 
Haptoglobin Fibronectin 

Apolipoprotein A-| 2660-Da peptide identified as a fragment 
Fragment of fibrinopeptide A of fibrinogen a-C chain 

(1466 Da) 

Fragment of phosphorylated 

fibrinopeptide A (1616 Da) 

Pigment epithelial-derived factor 

Q2-HS glycoprotein 

Glutathione peroxidase 3 

Heparin cofactor II 

Serum amyloid A4 

Clusterin (Apo J) 





9.7 CONCLUSIONS 


Plasma total sialic acid, sialic acid index of Apo J, and the 5-HTOL/5-HIAA 
ratio are useful alcohol biomarkers in both clinical and forensic settings. 
Salivary glycoproteins have been investigated as potential alcohol biomarkers 
because glycosylation of proteins is affected by ethanol; however, more stud- 
ies are needed to establish the clinical utility of such glycoproteins [66]. 
Circulating cytokines are also potential alcohol biomarkers that require fur- 
ther investigation. The proteomics approach to discover new alcohol biomar- 
kers has identified several serum proteins that show promise as potential 
alcohol biomarkers in the near future. 
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Generic Markers or Alkeomol Use Dnsorcer 


10.1 INTRODUCTION CONTENTS 


Although moderate alcohol (ethanol) consumption has many beneficial 10.1 Introduction 245 
effects, excessive alcohol consumption is detrimental to health (see 
f E . 10.2 Heredity, 

Chapter 1). Sustained alcohol intake can cause functional alcohol tolerance, Environment. and 
which enables increased alcohol consumption by an individual with few Alcohol Use 
symptoms of intoxication. Alcohol tolerance leads to the development of alco- Disorder................ 246 
hol dependence, which refers to physiological addiction in which abstinence 122.7 Effect of 

: Nongenetic Factors on the 
may cause withdrawal symptoms. Alcohol abuse and alcohol dependence are Development of Alcohol 
maladaptive patterns of drinking. According to the fourth edition of the Use Disorder................. 247 
Diagnostic and Statistical Manual of Mental Disorders (DSM-IV), individuals 103 Genes and 
must meet three of seven criteria to be diagnosed with alcohol dependence, Alcohol Use 
and alcohol abuse is defined by meeting at least one of four criteria. In the Disorder: An 
DSM-5, both alcohol dependence and alcohol abuse are combined into one OVEFVIEW ..--- es 248 


psychiatric illness termed “alcohol use disorder” (see Chapters 2 and 4). 10.4 Polymorphisms 


; . . i . f o in Genes Encoding 
Alcohol use disorder is a risk factor for many diseases, including alcoholic cir- Alcohol 


rhosis, pancreatitis, liver cancer, and cardiovascular disease (see Chapter 1). Dehydrogenase and 
Men usually tend to drink more heavily and more frequently than women, Aldehyde 
and this tendency places men at increased risk of disease and alcohol-related Denyalogenese.£20 
. yP : . i a ht a : 10.4.1 Polymorphisms 
mortality. Therefore, early identification of individuals who are at risk of that Protect from Alcohol 
developing alcohol use disorder is important. Alcohol biomarkers are clini- Use Disorder................ 251 
cally helpful to identify such individuals and also to monitor the progress of 10.4.2 Polymorphisms 
therapy of patients with alcohol use disorder who are undergoing alcohol 2" may Increase the 
Dye going a Risk of Alcohol Use 
rehabilitation. Alcohol biomarkers can be broadly classified as state biomar- Disorder... 253 
kers and trait biomarkers. A state biomarker provides information regarding Pee 
er j odes h ng . : 10.5 Neurobiological 
an individual's drinking habits, whereas a trait biomarker provides informa- Basis of Alcohol Use 
tion about a person’s genetic predisposition toward alcohol dependence. In  Disorder............... 253 
Chapters 4-9, various state biomarkers of alcohol abuse were discussed iN 10.6 Polymorphisms 
detail. However, it is also well-established that children of alcoholic parents of Genes in 
are at higher risk of developing alcohol use disorder, indicating a genetic Dopamine Pathway 245 
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component of addiction. Unfortunately, there is no single gene related to 
alcohol use disorder. Therefore, alcohol use disorder is a complex multifacto- 
rial disease that is influenced by both genetic predisposition (polygenic dis- 
ease) and environment. In addition, alcohol use disorder is often comorbid 
with nicotine abuse, substance abuse, and other psychiatric illness. Another 
possibility is the interaction between genes and environment mediated by an 
epigenetic mechanism that may be linked to alcohol use disorder. This chap- 
ter provides an overview of the genetics of alcohol use disorder and also a dis- 
cussion of variations in genetic polymorphism as well as the role of 
epigenetics in understanding alcohol abuse disorder. 


10.2 HEREDITY, ENVIRONMENT, AND ALCOHOL 
USE DISORDER 


Family studies have shown that the risk for alcohol dependence is 4- to 10-fold 
higher in offspring of an alcoholic parent. A meta-analysis consisting of 10,000 
twin pairs showed that heritability of alcohol use disorder is approximately 
50%, and other similar studies have indicated that the genetic component is 
between 40 and 60% [1]. Based on studies of 3516 twins from male—male pairs, 
Prescott and Kendler observed that the prevalence of alcoholism was substan- 
tially higher among identical pairs compared to fraternal pairs. Using the liability 
threshold model, the authors attributed 48—58% of liability to alcoholism to 
inherited genetic factors. They concluded that genetic factors may play a more 
important role in the development of alcoholism in men [2]. However, in a 
study involving 5091 male and 4168 female twins (including identical, same-sex 
fraternal, and opposite-sex pairs), Prescott et al. attributed 55—66% genetic 
liability to alcoholism in women and 51—56% in men [3]. Kendler et al. 
reported that heritability of liability of alcoholism was consistently higher in 
monozygotic compared to dizygotic twins. In addition, heritability of liability of 
alcoholism in women was in the range of 50—60% [4]. Males with a female co- 
twin are more likely to become alcohol dependent than are males with a male 
co-twin [5]. Alcohol dependence may also co-occur with other substance abuse, 
such as that of cocaine, nicotine, and opiates. Therefore, the genetic component 
for developing alcohol use disorder is far from the expected 100% as observed in 
a pure genetic disorder transmitted in a Mendelian manner. It is assumed that 
several coexisting genetic variants in each affected individual, rather than a single 
variant (allele), are responsible for susceptibility to alcohol, along with other 
nongenetic and environmental factors. Various nongenetic factors during preg- 
nancy, childhood, adolescence, and adulthood may play a significant role in the 
development of alcohol use disorder [1]. 


10.2 Heredity, Environment, and Alcohol Use Disorder 


10.2.1 Effect of Nongenetic Factors on the Development 
of Alcohol Use Disorder 


During pregnancy, the fetus may inherit genetic the susceptibility variant 
from the alcoholic mother, but there are also several nongenetic factors that 
may have an impact on the normal growth of the fetus and later develop- 
ment of alcohol use disorder in the child. Exposure to alcohol during gesta- 
tion has been associated with mental retardation; attention deficit 
hyperactivity disorder; and later development of substance and alcohol 
abuse, anxiety, and personality disorders, including antisocial behavior. 
Exposure to alcohol during pregnancy is also associated with fetal alcohol 
syndrome, which may cause miscarriage and even stillbirth [1]. 


Childhood maltreatment including abuse (physical and/or sexual) and 
neglect is associated with low self-esteem and development difficulties. It is 
also a risk factor for binge drinking in adolescence and alcohol dependence 
in adulthood. Children with high novelty-seeking and low harm-avoidance 
traits may be at greater risk for early onset of alcohol use and alcohol depen- 
dence. Schwandt et al. reported that childhood trauma, especially emotional 
abuse, was the primary predictor of severity of alcohol dependence during 
adulthood, and such effects were mediated by neuroticism [6]. A possible 
explanation for this observation may be related to impaired brain develop- 
ment of adolescents who consume heavy amounts of alcohol. Drinking dur- 
ing adolescence significantly increases the risk of developing alcohol use 
disorder later in life. The average age of first drink in the United States is 11 
years for boys and 13 years for girls. Drinking initiation is affected by envi- 
ronmental factors such as alcohol availability, parental attitude including 
monitoring of children, parent—child attachment, alcohol use and tolerance 
of alcohol use by parents, attitudes of relatives toward drinking, and peer 
pressure at the school as well as in the community. Heavy drinking during 
adolescence has a negative impact on brain development, especially on the 
hippocampus. Dopaminergic and y-aminobutyric acid (GABA) neurotrans- 
mitter systems also undergo important changes during adolescence, and alco- 
hol intake may impair their normal development. Dopamine is implicated 
in the rewarding effect of alcohol, and GABA is associated with alcohol’s sed- 
ative effect as well as development of tolerance. Low response to the sedative 
effect of alcohol is significantly associated with increased risk of development 
of alcohol use disorder in the future [1]. Based on a survey of 43,093 adults, 
Hingson et al. observed that compared to respondents who began drinking 
alcohol at 21 years of age or older, those who began drinking before age 14 
years were more likely to experience alcohol dependence within 10 years of 
first drinking (adjusted hazard ratio, 1.78; 95% confidence interval, 
1.51—2.11) [7]. 
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Keyes et al. reviewed the effects of four different stressors (catastrophic events, 
childhood maltreatment, common adult stressful life events in interpersonal, 
occupational, financial, and legal domains, and minor stressors) on alcohol 
consumption and alcohol use disorders. The authors commented that studies 
generally demonstrate an increase in alcohol consumption associated with 
disasters such as terrorism. However, childhood maltreatment is a consistent 
risk factor for early onset of drinking in adolescence as well as the develop- 
ment of alcohol use disorder as an adult. In addition, specific genetic poly- 
morphisms may interact with childhood maltreatment to increase the risk of 
alcohol abuse. Stressful life events such as divorce and job loss increase the 
risk of alcohol use disorder, but epidemiological consensus on the specificity 
of such associations across gender has not been reached. Moreover, perception 
of discrimination as well as objective indicators of discrimination may also be 
associated with alcohol abuse and alcohol use disorder among ethnic and 
sexual minorities [8]. Sher et al. reported that although self-reported 
childhood stressors are strongly related to family history of alcoholism, not all 
children of alcoholics develop alcohol use disorder [9]. Therefore, a complex 
interaction between genetics and environmental factors is associated with 
alcohol use disorder. 


In general, it has been recognized that two broad bands of personality—impul- 
sive/novelty-seeking personality and neuroticism/negative emotionality—are 
strongly associated with alcoholism. Although studied have shown that sons of 
male alcoholics are at higher risk of developing alcoholism later in life than 
daughters, whether such risk is related to personality trait is unclear. 
Longitudinal studies have shown that antisocial behavior and hyperactivity are 
related to the development of alcoholism later in life [10]. Holdcraft et al. con- 
cluded that antisocial personality disorder was associated with an earlier age of 
first intoxication, a more severe and chronic course of alcoholism, more social 
consequences of drinking, and higher risk of drug abuse. However, depression 
was associated with a less severe course of alcoholism [11]. Peer pressure plays a 
role in drinking behavior because it is difficult not to drink when peers are 
drinking [12]. Even alcohol advertisements are positively associated with beer 
drinking among adolescents [13]. Environmental, mediating, and genetic fac- 
tors that may predispose to alcohol use disorder are summarized in Table 10.1. 


10.3 GENES AND ALCOHOL USE DISORDER: 
AN OVERVIEW 


Currently, it is accepted that the genetic risk of alcoholism is likely due to 
variations in numerous genes, with each variation having a minor effect; 
however, some variants may have a major effect. After many years of family 
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Table 10.1 Environmental, Mediating, and Genetic Factors that may Predispose a Person 
to the Risk of Alcohol Use Disorder 


Polymorphism of Gene Encoding 
Environmental Factors Mediating Factors Enzymes/Receptors* 








Early Life Events 
a Childhood neglect/rejection 


Alcohol availability m= Alcohol dehydrogenase and aldehyde 
Alcohol advertisement dehydrogenase (major effect) 
m Physical or sexual abuse Peer pressure Dopamine receptors/transporters 
a Alcoholic father/mother or both Lack of social/emotional MAOA 
parents support COMT 
Adult Life Events --Aminobutyrate receptors 
Death in family Serotonin receptors 
Divorce Acetylcholine receptors 
Job loss Glutamate receptors 
Moving/job change Cannabinoid receptors 
Eating disorder Adenylyl cyclase 
Personality Trait Neuropeptide Y receptors 
m Impulsive/novelty seeking 
m= Neuroticism/negative 
= Antisocial behavior 








COMT, catechol-O-methyltransferase; MAOA, monoamine oxidase A. 
“These are examples of common genetic variants associated with alcohol use disorder. Other genes associated with alcohol abuse 
have also been described. 





based linkage studies and case—control candidate gene studies, the focus is 
now on large-scale genome-wide association studies (GWAS) for detection of 
novel variants. Genetic vulnerability to alcoholism may originate in personal 
traits that may predispose alcohol-seeking behavior differential response to 
alcohol or differential variation in the neurobiology, which may be the 
underlying cause of addiction and physiological response to stress. Although 
alcohol use disorder is often comorbid with other psychiatric illnesses, the 
heritability is mostly disease specific. Genotyping, which includes the identi- 
fication of polymorphic gene variants such as single nucleotide polymorph- 
isms (SNPs), has experienced rapid improvement with regard to throughput 
rates, reduction of costs, increased accuracy, and simplicity of operation. 
Also, it can be applied in routine clinical investigations, although such tests 
may be available only in reference laboratories. The most robust finding for 
the genetic influence of alcoholism remains in the genes encoding enzymes 
such as alcohol dehydrogenase and aldehyde dehydrogenase, which are 
involved in metabolism of the majority of alcohol consumed [14]. 


Unlike opioids and nicotine, which have specific receptors in the brain, there is 
no specific receptor for ethanol. Therefore, it has been assumed that enhanced 
GABA (the brain’s major inhibitory neurotransmitter), glutamate (an excitatory 
neurotransmitter), dopamine, opioid peptides, and receptors as well as seroto- 
nin neurotransmission have been associated with alcohol administration and 
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potentially mediate some of alcohol’s reinforcing effects. The development of 
tolerance may be caused by the GABAg receptor system. Alcohol’s inhibition of 
the glutamatergic excitatory neurotransmitter pathway, especially at the postsyn- 
aptic N-methyl-p-aspartate (NMDA) receptor, may be the cause of the neuro- 
toxic effects of alcohol, particularly intoxication, blackout, and withdrawal 
symptoms [15]. Therefore, it is expected that in addition to polymorphism in 
alcohol dehydrogenase and aldehyde dehydrogenase genes, genetic vulnerabil- 
ity to alcoholism may be related to the neurotransmitter system (GABA, opioid, 
serotonin, dopamine, glutamate, and cannabinoid), signal transduction path- 
ways within the mesolimbic dopamine reward pathway, and interaction of the 
stress response system. The genetic effect on metabolism of alcohol as well as 
polymorphism of genes encoding alcohol dehydrogenase and aldehyde dehy- 
drogenase was discussed in detail in Chapter 2. Here, this important issue is dis- 
cussed briefly, but emphasis is placed on genetic markers that may induce 
vulnerability to alcoholism in individuals. 


10.4 POLYMORPHISMS IN GENES ENCODING ALCOHOL 
DEHYDROGENASE AND ALDEHYDE DEHYDROGENASE 


As described in detail in Chapter 2, the majority of ingested alcohol is elimi- 
nated by oxidation catalyzed by the liver enzymes alcohol dehydrogenase 
(ADH) and aldehyde dehydrogenase (ALDH). In the first step, alcohol is 
converted into acetaldehyde by alcohol dehydrogenase; in the second step, 
acetaldehyde is further oxidized to acetate by ALDH (mostly by the mito- 
chondrial ALDH2 enzyme). Acetaldehyde is a toxic by-product that may con- 
tribute to the addictive process [16]. 


Seven known genes clustering on a 370-kb region of chromosome 4 
(4q21—24) encode five classes of ADH enzymes. The class I ADH enzymes, 
mainly expressed in the liver, are responsible for approximately 70% of the 
total metabolism of ethanol. The reference allele for the ADH1B gene is 
ADH1B*1 (wild type), which encodes the 8; subunit of the ADH enzyme 
with an arginine at amino acid positions 48 (Arg48) and 370 (Arg370). 
However, a common polymorphism, ADH1B*2, encodes the 8 subunit and 
has a histidine at position 48 (Arg48His, rs1229984) instead of arginine. 
This polymorphism is found commonly among East Asians. The polymor- 
phism ADH1B*3, which encodes the 83 subunit, has cysteine at position 370 
instead of arginine (Arg370Cys, 182066702). This allele is found primarily in 
people of African descent and Native Americans. ADH isoenzymes encoded 
by ADH1B*2 or ADH1B*3 alleles are superactive ADH enzymes with a 30- to 
40-fold increase in metabolism of ethanol compared to normally functioning 
enzymes encoded by the ADH1B*1 wild-type gene. The reference allele of 
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the ADHIC gene is ADH1C*1 (wild type), which encodes the 1, subunit 
with arginine at position 272 and isoleucine at position 350 (Arg272Ile350). 
However, the enzyme encoded by two ADH1C*2-linked SNPs (Arg272GIn, 
181693482, and Ile350Val, rs698; these two SNPs occur together in almost all 
cases due to very high linkage disequilibrium) shows two amino acid 
exchanges. Moreover, enzymatic activity is approximately 2.5 times higher 
when the enzyme is encoded by the ADH1C*1 reference allele than when it 
is encoded by the ADH1C*2 haplotype (Gln272Val350) [17]. The ADH4 
gene encodes the class II ADH enzyme in the liver and, to a lesser extent, in 
the kidney. This enzyme has a higher Michaelis constant than most ADH 
and plays an important role in ethanol metabolism, especially at high blood 
alcohol concentration, by the liver, accounting for approximately 30% of 
ethanol metabolism. 


ADH genes are located on a single chromosome (chromosome 4), but ALDH 
genes are not. Humans have 19 genes and 3 pseudogenes in the ALDH gene 
superfamily encoding the ALDH superfamily of isoenzymes. However, 3 of 
these genes—ALDH1A1, ALDH1B1, and ALDH2—are relevant to acetaldehyde 
metabolism. The ALDH1A enzyme is usually found in the cytosol, whereas 
ALDH1B and ALDH2 enzymes are produced in the nucleus but have leader 
sequences that direct them to mitochondria, where they exert their function. 
The genes ALDH1A (located on chromosome 9 encoding cytosolic isoenzyme) 
and ALDH2 (located on chromosome 12 encoding mitochondrial isoenzyme) 
are mostly associated with acetaldehyde metabolism. Although the mitochon- 
drial ALDH2 enzyme accounts for the majority of catalytic activity of ALDH, 
in the absence of enzymatic activity (or low enzymatic activity) due to poly- 
morphism of the gene, the ALDH1A enzyme plays a significant role in the 
metabolism of acetaldehyde. The wild-type gene ALDH2*1, which encodes the 
ALDH2 enzyme, has normal enzymatic activity, but a polymorphism 
ALDH2*2 found commonly among East Asians encodes a defective enzyme 
with a very low activity (see Chapter 2 for more detail). Polymorphisms of the 
ALDH1A1 and ALDHI1B1 genes have also been described, but their role in 
alcohol-related problems is poorly studied compared to that of polymorph- 
isms of ADH1B, ADH1C, and ALDH2 genes. In Chapter 2, the effect of poly- 
morphisms of the ALDH1A1 and ALDH1B1 genes on drinking behavior was 
discussed. 


10.4.1 Polymorphisms that Protect from Alcohol 
Use Disorder 


Currently, the strongest link between alcohol use and genetic polymorphism 
is associated with protection from alcohol abuse in individuals carrying the 
ALDH2*2 allele. This allele is common among East Asians, and ALDH 
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encoded by the ALDH2*2 gene has much lower enzymatic activity compared 
to the normal enzyme. As a result, acetaldehyde builds up in blood, causing 
an unpleasant reaction. Therefore, people with this gene are deterred from 
consuming alcohol. Fast Asians who are homozygous for the ALDH2*2 gene 
have almost zero risk of developing alcohol use disorder [18]. 


In addition to the ALDH2*2 allele, other genetic alleles can also provide pro- 
tection from alcohol use disorder. In general, any polymorphism that leads to 
acetaldehyde buildup in blood deters the carrier of the genetic polymorphism 
from consuming alcohol because many unpleasant reactions after consump- 
tion, such as facial flushing, hypotension, headache, and nausea, are related to 
acetaldehyde. ADH1B*2, a variant of ADH1B (wild type), encodes a superac- 
tive ADH enzyme with higher enzymatic activity. Another variant of ADH1B is 
ADH1B*3. ADH isoenzymes encoded by ADH1B*2 or ADH1B*3 alleles lead 
to a 30- to 40-fold increase in the conversion of ethanol (superactive enzyme) 
into acetaldehyde, and such rapid production of acetaldehyde may cause facial 
flushing and adverse side effects after alcohol use, thus discouraging people 
who carry such alleles from drinking alcohol. Kang et al. commented that 
higher blood acetaldehyde levels in individuals with ADH1B*2/*2 may consti- 
tute the mechanism of protection against alcoholism by this allele [19]. Based 
on a study of a Chinese population living in Taiwan, it has been documented 
that the ADH1B*2 allele has a protective effect against alcohol dependence, 
and homozygous individuals are more protected than heterozygous indivi- 
duals (odds ratio of 0.12 for homozygous and 0.19 for heterozygous indivi- 
duals compared to individuals carrying the wild-type gene). In European and 
African populations, the ADH1B*2 allele is not common, but if present, it also 
provides protection against alcoholism. However, the protective effect of 
ADH1B*2 appears to be weaker in European than in Asian populations, which 
may be related to different environmental factors or coinheritance of other, as 
yet uncharacterized, polymorphisms in the gene encoding ADH. In addition, 
the ADH1B*3 allele has a protective effect against alcoholism in African 
Americans and southern California Indians. The ADH1B*3 allele also protects 
against fetal alcohol syndrome. Finally, ADH1C*1 appears to have a protective 
effect against alcoholism in Asian populations, but this allele is usually coin- 
herited with the protective ADH1B*2 allele, and the effect of ADH1C*1 may 
not be independent [|17]. However, in one study, the authors found an associ- 
ation between ADH1C*1 and protection from alcohol dependence in Native 
Americans [20]. 


As mentioned previously, ALDH2*2 protects from alcohol abuse because this 
mutation produces nearly inactive enzyme and as a result acetaldehyde accu- 
mulates in blood. If ALDH2*2 is present along with ADH1B*2, the combina- 
tion has further protective effect against alcoholism. However, Lu et al. 
reported that the ADH1B*2 allele had no protective effect against alcohol 
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dependence in subjects with antisocial traits who were also alcoholics, 
although the ALDH2*2 allele can still provide some protection [21]. 


10.4.2 Polymorphisms that may Increase the Risk 
of Alcohol Use Disorder 


Although the ALDH2*2 allele has a protective effect against alcoholism, the 
functional polymorphism of this gene, ALDH2*1, may increase the risk of 
alcohol abuse because the functional enzyme can rapidly convert acetalde- 
hyde into acetate. Similarly, the wild-type ADH1B*1 allele may also increase 
the risk of alcoholism because ethanol is metabolized normally to acetalde- 
hyde, with no appreciable increase in acetaldehyde concentration in blood. 
Several studies have shown an association of wild-type ADH1B*1 and 
ALDH2*1 alleles with alcoholism [22]. Polymorphism of the ADH4 gene 
may be associated with alcohol and drug dependence in European 
Americans |23]. In addition, other rare polymorphisms of ADH genes may 
lead to alcohol dependence. (See Chapter 2.) 


Liver cytosolic aldehyde dehydrogenase (ALDH1A1) can also convert acetalde- 
hyde into acetate, especially when the mitochondrial enzyme (ALDH2) is inac- 
tive, although no individual has been identified with a total absence of 
catalytic activity of the ALDH1A1 enzyme. Polymorphism of the gene encod- 
ing ALDH1A1 can be associated with alcohol dependence. Reports indicate 
that ALDH1A1*2 is associated with alcohol dependence in Indo-Trinidadians 
[24,25]. However, other authors have found no association between this poly- 
morphism and alcohol dependence. Otto et al. found no significant effect of 
ALDH1A*2 on drinking behavior [26]. In contrast, Spencer et al. commented 
that both ALDH1A1*2 and ALDH1A1*3 alleles produced a trend in an African 
American population that may be indicative of association with alcoholism, 
but more observations are required to validate this observation [27]. Kortunay 
et al. reported that the ADH1C*2 allele was associated with alcohol depen- 
dence in the Turkish population [28]. Konish et al. observed an independent 
effect of ADH1C*2 (also known as ADH3*2) and CYP2E1 gene polymorphism 
contributing to alcoholism in Mexican American men [29]. Associations of 
polymorphisms of genes encoding ADH and ALDH with either protection 
from alcohol abuse or increasing risk of alcohol abuse are listed in Table 10.2. 


10.5 NEUROBIOLOGICAL BASIS OF ALCOHOL 
USE DISORDER 


The essential features of alcohol abuse disorder are loss of control over drink- 
ing habit and craving for more alcohol even when intoxicated and continua- 
tion of alcohol abuse despite negative health and social consequences. The 
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Table 10.2 Polymorphisms of Genes Encoding Alcohol Dehydrogenase and 
Aldehyde Dehydrogenase That Are Associated with the Protective Effect 
from Alcohol Use or Increased Risk of Alcohol Abuse? 


Protective Effect from Alcohol Use May Increase Risk of Alcohol Abuse 


ALDH2*2 ADH1B*1 
ADH1B*2 ALDH2"*1 
ALDH2*2 and ALDH1B*2 combination ADH1C*2 
best evidence of protection 

AHD1B*3 

ADH1C*1 


“There are polymorphisms of ADH4, ADH6, and ADH7 that may be associated with increased 
risk of developing alcohol use disorder but more studies are needed to establish their role in 
the development of alcohol use disorder. 





rewarding effect of alcohol consumption eventually leads to reinforcement of 
consuming alcohol on a regular basis, which eventually results in alcohol tol- 
erance and dependence. Alcohol affects various neurotransmitter systems in 
the brain, which plays a central part in drug and alcohol addiction. 
Neurotransmitters are endogenous chemicals responsible for transmission of 
signals from neurons to target cells across synapses. Major neurotransmitter 
systems affected by alcohol include dopaminergic, serotoninergic, GABA, and 
glutamate pathways. It is important to note that moderate consumption of 
alcohol on a regular basis does not make a person alcohol dependent. It is 
chronic consumption of alcohol for an extended period that produces 
changes in brain chemistry that result in alcohol use disorder and withdrawal 
symptoms upon discontinuation of alcohol. Polymorphisms of genes encod- 
ing various receptors and transmitters in the neurotransmission system may 
be associated with alcohol use disorder. 


10.6 POLYMORPHISMS OF GENES IN DOPAMINE 
PATHWAY AND ALCOHOL USE DISORDER 


Dopamine is an important neurotransmitter in the brain, controlling various 
functions such as motor activity, cognition, emotion, motivation, food 
intake, and endocrine secretion. Dopamine is used by the mesolimbic, 
nigrostriatal, and tuberoinfundibular systems of the brain. The mesolimbic 
dopaminergic pathway also functions as a reward pathway. Dysfunctions in 
the dopaminergic systems are involved in several pathological conditions, 
including Parkinson’s disease, Tourette’s syndrome, drug addiction, and 
hyperactivity disorders. Dopamine is also involved in drug and alcohol 
addiction processes, especially drug addiction. The dopaminergic system 
consists of dopamine receptors as well as dopamine transporters. 
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Polymorphisms of genes encoding dopamine receptors or transporters may 
be involved in susceptibility to alcohol abuse as well as novelty-seeking 
behavior, a personality trait that may cause alcohol abuse. 


10.6.1 Dopamine Receptors 


Initially, it was thought that only two receptor subtypes exist for dopamine 
(DRD1 and DRD2), and the target for anti-Parkinson drugs as well as anti- 
psychotic drugs was DRD2. Later, three other subtypes of dopamine receptors 
(DR3, DR4, and DR5) were discovered [30]. The diverse physiological func- 
tions of dopamine receptors encoded by the genes DRD1— DRD5 and poly- 
morphisms of these genes can result in changes in expression levels [31]. 
The most studied dopamine receptor in relation to alcohol abuse disorder 
is DRD2. 


DRD1 is involved in the rewarding/reinforcing effects of drugs of abuse, and 
this receptor gene has been considered as a candidate gene in alcohol depen- 
dence. The D1 type family of G protein-coupled receptors, such as DRD1, 
activates adenylyl cyclase and is involved in various brain functions, includ- 
ing motor control and the reward and reinforcement mechanism, as well as 
being involved in the attention deficit hyperactive syndrome. DRD1 antago- 
nist may reduce cocaine-seeking behavior. Although none of the polymorph- 
isms of the DRD1 gene is associated with alcoholism, based on genotyping 
of 11 polymorphisms of the DRD gene family in 535 alcohol-dependent sub- 
jects in a Korean population, Kim et al. reported that polymorphism in the 
5’-untranslated region (5’-UTR) of the DRD1 (48 A>G) gene located on 
chromosome 5 (q35.1) was associated with alcohol-related problems. 
However, none of the polymorphisms of the DRD5 gene had any significant 
association with alcoholism [32]. Based on an analysis of 134 alcohol- 
dependent patients, Batel et al. observed that the T allele of the rs686 poly- 
morphism of the DRD1 gene was significantly more frequent in patients 
with alcohol dependence. A specific haplotype, rs686*T—1s4532*G, associ- 
ated with the DRD1 gene was significantly more precisely associated with 
alcohol dependence among patients studied by Batel et al. [33]. Prasad et al. 
showed that 1s4532 present in the 5’-UTR of the DRD1 gene was associated 
with alcoholism in East Indian men and noted that the 48 A>G SNP could 
be a predisposing factor for alcohol abuse. In addition, the — 120 ins/del 
polymorphism in the DR4 gene was also associated with alcoholism [34]. 


The DRD2 gene on chromosome 11 (q22—q23) has been found to be associ- 
ated with increased alcohol consumption through a mechanism involving 
incentive salience attribution and craving in patients with alcohol use disor- 
der. The DRD2 receptor is a G protein-coupled receptor located on postsyn- 
aptic dopaminergic neurons that plays a role in the reward pathway via the 
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mesolimbic system. The DRD2 gene shows primarily three kinds of poly- 
morphisms: 141c ins/del, Taq1A, and Taq1B alleles. 


The dopamine receptor D2 (DRD2) gene is most extensively studied gene in 
addiction disorders, with the Taq1A polymorphism being the most frequently 
studied. The DRD2 Taq1A polymorphism is located 10 kb downstream from 
the coding region of the DRD2 gene at chromosome 11q23. A mutation in 
this noncoding region should not cause a structural change in the dopamine 
receptor. Therefore, the functional significance of this polymorphism is unclear. 
However, Taqg1A polymorphism may be in linkage disequilibrium with an 
upstream regulatory element or another functional gene that could be respon- 
sible for susceptibility to alcoholism in these individuals. In fact, the DRD2- 
associated polymorphism has been more precisely located within the coding 
region of the ANKK1 (ankyrin repeat and kinase domain containing 1) gene, 
which is a neighboring gene that may confer a change in amino acid sequence. 
Higher frequency of the A1 allele of Taq1A near the DRD2 gene was observed 
among alcoholics. Based on a meta-analysis of 42 studies with 9382 partici- 
pants, Smith et al. observed an association between the presence of one or two 
copies of the A1 allele and alcohol dependency [35]. Another study also 
reported an association between the A1 allele and susceptibility to early onset 
of alcoholism [36]. Based on a study of 103 alcohol-dependent males, Ponce 
et al. reported that approximately 39% of the sample carried the A1 allele 
(Taq1A polymorphism), and these individuals showed a higher prevalence of 
antisocial personality disorder and family history of alcoholism. Moreover, 
these people showed early onset of alcohol abuse and more drinking problems 
[37]. However, Shaikh et al. did not observe any association between the Al 
allele and the development of alcoholism at a young age (<25 years) in an 
Indian population [38]. The single nucleotide polymorphism Taq1B is closer 
to the regulatory and structural coding region (5’ region) of the DRD2 gene, 
and it may be expected that such polymorphism may play a role in alcohol 
dependence. The few studies that have explored the association between Taq1B 
and alcohol dependence have produced conflicting results. In one study, the 
authors found no correlation between alcoholism and Tag1B in Mexican 
Americans, whereas another study observed an association between Taq1B 
polymorphism and early onset of alcohol consumption in Mexican Americans. 
However, other studies have found no association between this polymorphism 
and alcohol abuse in Indian populations [39]. The effect of the — 141c ins/del 
allele on alcohol dependence is also controversial, with some studies reporting 
no association and other studies observing some correlation between this allele 
and alcohol dependence. Prasad et al. reported an association between 
the — 141c ins allele and alcohol dependence in Indian males. Haplotype with 
a predisposing — 141c ins and Taq1A alleles seems to confer approximately 2.5 
times more risk for developing alcohol dependence [40]. 
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Several polymorphisms of the DRD3 receptor gene have been reported to be 
associated with susceptibility to alcoholism. Although the DRD3 186280 
(Ser9Gly; substitution of a glycine for a serine residue in the extracellular 
receptor N-terminal domain) polymorphism, which makes the receptor more 
sensitive to dopamine, is associated with various psychiatric disorders, its 
association with alcoholism is inconsistent. However, Kang et al. observed an 
association of this polymorphism with alcohol dependence in Korean sub- 
jects [41]. In a case—control study of 108 French alcoholic subjects and 71 
healthy controls, Limosin et al. observed increased homozygosity for Bal I 
polymorphism (Ser9Gly is also known as Bal I polymorphism due to a 
restriction site produced by the variant) in alcohol-dependent patients with 
low cognitive impulsiveness. However, heterozygous subjects showed higher 
impulsiveness than homozygous subjects, although this did not reach statisti- 
cal significance [42]. In contrast, Prasad et al. found no association between 
rs6280 mutation and alcoholism in Indian males [34]. 


DRD4 receptors, which are G-coupled receptors encoded by the DRD4 gene, 
have been linked to several psychiatric disorders (e.g., schizophrenia and 
bipolar disorder), neurological disorders (e.g., Parkinson’s disease), and 
addictive behavior (e.g., novelty seeking). DRD4 has a variable number of 
tandem repeat (VNTR) polymorphisms on exon 3 that may affect gene 
expression by binding nuclear factors. The DRD4 VNTR can vary from 2 to 
10 with 48-bp repeats, where alleles with 6 or fewer repeats are termed “short 
alleles” and alleles with 7 or more repeats are termed “long alleles.” 
Compared to short alleles, long alleles may reduce DRD4 gene expression. 
The most studied polymorphism of the DRD4 gene is a 48-bp VNTR in the 
third exon [43]. In general, DRD4 VNTR long alleles with 7 or more repeats 
are associated with novelty-seeking and drinking behavior. In a study of 90 
heavy drinking college students, Ray et al. observed an association between 
DRD4 VNTR long-allele genotype and problem drinking as well as novelty- 
seeking behavior [44]. Du et al. genotyped the VNTR polymorphism of a 48- 
bp sequence in exon 3 of the DRD4 gene in 365 alcoholic and 337 nonalco- 
holic Mexican Americans and observed an association between DRD4 VNTR 
and alcoholism [45]. Park et al. observed that carriers of the long-allele 
DRD4 VINR polymorphism showed greater susceptibility to environmental 
effects that may lead to alcohol dependence [46]. a-Synuclein has an impor- 
tant role in regulating dopamine function and dopamine synthesis. The pro- 
tein a-synuclein is encoded by the SNCA gene. a-Synuclein is suspected to 
play a role in the development of alcohol dependence because a higher level 
of mRNA expression has been observed in alcohol patients. Foroud et al. 
found no association between SNCA polymorphism and alcohol dependence 
but did observe an association between alcohol craving and polymorphism 
in the SNCA gene [47]. 
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10.6.2 Dopamine Transporters and Dopamine-Metabolizing 
Enzymes 


Dopamine transporter (DAT) belongs to the family of sodium/chloride- 
dependent transporter proteins and is responsible for the reuptake of extra- 
cellular synaptic dopamine into presynaptic neurons, thus terminating the 
effect of dopamine. Therefore, the dopaminergic reward circuit may function 
differently when DAT expression level is altered. Neuroimaging studies 
showed that DAT levels were significantly lower in the striatum of alcohol- 
dependent patients compared to controls. DAT availability in the brain may 
be dependent on genetic variation. The DAT gene (DAT1; locus symbol 
SLC6A3) is present on chromosome 5q15.3. Expression of DAT is influenced 
by a VNTR polymorphism located in the 3’-UTR region of the dopamine 
transporter (DAT1) gene. For VNTR, numbers ranging from 3 to 16 have 
been described, with 9- and 10-repeat alleles being the most common. In 
general, many studies have found no significant association between poly- 
morphism of the DAT1 gene and alcohol dependence. However, some stud- 
ies have shown that the 9-repeat allele (A9 allele) is present in some 
subgroups of alcoholics with a variety of alcohol withdrawal symptoms, 
including withdrawal seizure and delirium tremens [48]. Using a group of 
102 healthy subjects and 216 alcoholics, Kohnke et al. showed an association 
of allele A9 (9-copy repeat allele in the VNTR polymorphism in the 3’-UTR 
region of the DAT1 gene) and alcoholism [49]. Bhaskar et al. studied the 
association between DAT1 VNTR polymorphism and alcoholism in two cul- 
turally different populations (Kota and Badaga) in south India and found 
that the A10 allele was more common than the A9 allele in both popula- 
tions. The genotypic distribution was in Hardy—Weinberg equilibrium in 
both cases and control groups of Kota and Badaga populations. In addition, 
the DAT1 VNTR polymorphism was significantly associated with alcoholism 
in the Badaga population but not the Kota population. The authors con- 
cluded that the A9 allele of the DAT1 gene is involved in vulnerability to 
alcoholism, but such association could be population specific [50]. 


Dopamine 6-hydroxylase (DBH) catalyzes the conversion of dopamine to 
norepinephrine, and several polymorphisms in the DGH gene have been 
the focus of addiction research for many years. Several studies have found 
no association between polymorphism of the DGH gene and alcohol 
dependence. Although DBH may be lower in alcoholics and the DGH gene 
1012C >T polymorphism is associated with lower plasma activity of the 
enzyme, no correlation has been observed between DBH —1021C>T 
polymorphism and alcoholism [51]. However, based on a study of 102 
healthy controls and 208 alcoholics, Kohnke et al. found an association 
between DOH *444 G>A polymorphism, found in exon 2, and 
alcoholism [52]. 
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10.6.3 Monoamine Oxidase 


Monoamine oxidase (MAO), a mitochondrial enzyme in humans, can be sub- 
classified as MAOA and MAOB. MAOA is responsible for metabolism of 
monoamine neurotransmitters, including dopamine, norepinephrine, and 
serotonin. Human platelet MAO levels vary considerably, and platelet MAO 
abnormality has been linked with a number of psychiatric disorders. Low 
MAO activity probands undergo more psychiatric counseling than high MAO 
activity probands, and in one study, low MAO probands had a higher inci- 
dence of suicide and suicide attempts compared to high MAO probands. Also, 
individuals with low platelet MAO activity show sensation-seeking behavior, a 
personality trait related to alcoholism. Although some investigators have 
observed low levels of platelet MAO activity in alcoholics, indicating that it 
could be used as a trait marker for alcoholism in males, Farren et al. observed 
no difference in platelet MAO activity between alcoholics and controls [53]. 
However, Pombo et al. observed a significantly low level of platelet MAOB 
activity in alcoholics compared to controls and commented that MAOB is a 
potential trait marker for type 1 alcohol-dependent patients [54]. 


MAOA is encoded by an X chromosome-linked gene (MAOA gene; Xp11.23), 
and the polymorphism of this gene affects its transcriptional activity. The locus 
termed MAOA-linked polymorphic region (MAOA-LPR) is a VNTR that is 
located approximately 1.2 kb upstream from the MAOA start codon and within 
the gene’s transcriptional control region. Alleles of this VINR (MAOA-VTNR) 
have different numbers of copies of 30-bp repeated sequence present in 3, 3.5, 4, 
or 5 copies. The alleles with 3.5 or 4 copies of a repeat sequence are transcribed 
2—10 times more efficiently than those with 3 or 5 copies [55]. Studies have 
shown the association between the 3-repeat allele and a cluster of externalizing 
behaviors, including alcoholism, antisocial personality, and impulsivity. This is 
expected because the 3-repeat allele is associated with lower MAOA activity, and 
low MAO activity has been related to traits associated with a high risk of alcohol- 
ism, drug abuse, and impulsive behavior. In a study of Brazilian alcoholics, 
Contini et al. showed an association between the 3-repeat allele and alcohol 
dependence, earlier onset of alcoholism, comorbid drug abuse among alco- 
holics, and antisocial symptoms. The authors concluded that the 3-repeat allele 
of the MAOA-u VNTR polymorphism was associated with alcohol and substance 
abuse as well as impulsive and antisocial behavior [56]. However, Saito et al. 
reported minimal association between the MAOA low-activity promoter allele 
and alcoholism among male Finnish alcoholics [57]. 


10.6.4 Catechol-0O-Methyltransferase 


Catechol-O-methyltransferase (COMT) is an enzyme located in the frontal 
cortex of the brain that metabolizes epinephrine, norepinephrine, and 
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dopamine. The COMT enzyme is encoded by the COMT gene, located on 
chromosome 22 (22q11.21), and the gene produces two versions of this 
enzyme. The longer form, called membrane-bound catechol-O-methyltrans- 
ferase (MB-COMT), is mainly produced by the nerve cells in the brain. A 
shorter form of this enzyme, called soluble catechol-O-methyltransferase 
(S-COMT), is found in liver, kidneys, and blood. Polymorphism of the COMT 
gene may cause mental illness such as schizophrenia. As a result of polymor- 
phism of the COMT gene, in the longer form of the enzyme, the amino acid 
variation occurs at position 158 (Val158Met, indicating that the amino acid at 
position 158 could be either valine or methionine). In the shorter form of this 
enzyme, the variation occurs at position 108 (Vall08Met). The enzyme con- 
taining valine is three or four times more active than the enzyme containing 
methionine (at position 158 or 108, depending on the long form or the short 
form). Therefore, the COMT allele that produces valine-containing enzyme at 
position 158 should cause a lower dopamine level in the frontal cortex. 
Homozygosity for the low-activity COMT allele (LL genotype) is found in 
approximately 25% of Caucasians, whereas high-activity homozygosity (HH 
genotype) is found in approximately 25% of Caucasians. The COMT allele (LL 
genotypes) encodes the low-activity membrane-bound enzyme with methio- 
nine at position 158. Homozygous with HH genotype has three or four times 
higher enzyme activity (valine at position 158) compared to homozygous 
with LL genotype, whereas heterozygous (LH genotype) shows intermediate 
enzyme activity. Kauhanen et al. reported that men with the LL genotype 
reported 27% higher weekly alcohol consumption than men with the two 
other genotypes (LH and HH genotypes). The authors concluded that homo- 
zygosity for the low-activity COMT allele (LL genotype) is associated with 
increased alcohol consumption in a population sample of middle-aged 
Finnish men [58]. However, Ishiguro et al. found no association between poly- 
morphism of the COMT gene (Val158Met in the membrane-bound form of 
the enzyme) and alcoholism in their study of 175 Japanese alcoholics and 354 
age- and gender-matched Japanese controls [59]. The link between dopamine 
pathways and alcoholism is summarized in Table 10.3. 


10.7 POLYMORPHISMS OF GENES IN THE SEROTONIN 
PATHWAY AND ALCOHOL USE DISORDER 


Apart from the dopamine pathway, a link between the serotonin 
pathway and alcoholism has also been suggested. Serotonin, also known as 
5-hydroxytryptamine (5-HT), is a monoamine neurotransmitter that is derived 
from tryptophan. Serotonin is found in the central nervous system (CNS), the 
gastrointestinal tract, and the dense granules of platelets. Some of the func- 
tions of serotonin in the CNS involve regulation of mood, appetite, sleep, and 
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Table 10.3 Link between Polymorphisms of Genes Encoding Receptors, Transporters, or Enzymes 
Involved in the Dopamine Pathway and Alcoholism 


Gene Involved Chromosome Polymorphism Comments 


DRD1 5q35:1 Polymorphism in 5'-UTR: DRDI 


(48 A>G) 
Haplotype rs686*T—rs4532*G Associated with alcoholism 
Taq1A/ANKKI Associated with alcoholism 
TaqiB Conflicting results 
—14 1c ins/del Conflicting results 
3q13.3 DRD3 rs6280 Alcohol dependence in Korean subjects 
(Ser9Gly) 

DRD4 VNTR 


Long allele with seven or more 
repeats of 48 bp 


Associated with alcohol-related problems 





11922-23 








11p15.5 Associated with problem drinking/ 
alcoholism as well as novelty-seeking 


behavior 


5q15.3 


9934.2 
Xp11.23 


22q11.21 


DAT1 gene allele A9 


DGH*444 G>A 
Three-repeat allele of 
MAOA- uVNTR 


COMT LL genotype producing 
low activity membrane-bound 
enzyme with methionine at 
position 158 


May be associated with alcoholism in 
certain populations 

Associated with alcoholism 

May be associated with alcoholism but 
particularly associated with substance 
abuse as well as impulsive and antisocial 
behavior 

Associated with high weekly 
consumption of alcohol, although some 
studies found no association between 
alcoholism and COMT gene 


polymorphism 





muscle contraction. Serotonin also has cognitive functions, such as memory 
and learning. Most brain serotonin is not degraded after use but, rather, is col- 
lected by serotonin transporters (5-HTT) on the cell surface. The variation in 
serotonin transporters affects mood with possible interaction with the environ- 
ment, causing depression. Many drugs that treat depression (selective seroto- 
nin reuptake inhibitors) work by increasing serotonin levels in the brain. 
Serotonin levels are also influenced by many drugs of abuse and alcohol. 
Pivac et al. studied platelet serotonin levels in 148 male and 42 female 
alcohol-dependent but drug-free subjects for whom the diagnosis of alcohol 
dependence was based on DSM-IV criteria. In addition, the authors studied 
110 males and 123 females who were used as controls. The authors observed 
significantly lower platelet serotonin levels in both male and female alcohol- 
dependent subjects compared to controls. However, in general, male subjects 
(both alcoholics and controls) showed higher platelet serotonin levels than 
corresponding female subjects. Smoking status did not affect platelet serotonin 
levels. The authors concluded that, in general, alcohol dependence reduced 
platelet serotonin levels in both male and female alcoholics [60]. 
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Because serotonin is involved in regulating alcohol consumption in both 
human and animal models, it is assumed that polymorphism of the gene 
encoding serotonin transporter protein (5-HTT locus SLC6A4) may be associ- 
ated with alcohol dependence. The human serotonin transporter gene 
(5-HTT), found on chromosome 17 (17q11.1—q12), has a biallelic functional 
polymorphism in its 5-HTT-linked promoter region (5-HTTLPR), which is 
composed of a 44-bp insertion (long (L) allele) or deletion (short (S) allele) 
that regulates the transcription of the serotonin transporter. The S allele is asso- 
ciated with reduced serotonin transporter protein expression. In contrast, the L 
allele is associated with increased expression of presynaptic serotonin trans- 
porter protein, resulting in more efficient serotonin reuptake and reduction of 
synaptic serotonin levels compared to those of individuals with the S allele. 


The S allele has been associated with alcohol dependence; affective disorders; 
as well as several personality trait, including anxiety, depression, and impul- 
siveness. Bondy et al. found an association between the S allele and violent 
suicide [61]. Feinn et al. conducted a meta-analysis of data from 17 published 
studies (including 3489 alcoholics and 2325 controls) and concluded that the 
frequency of the S allele at 5-HTTLPR was significantly associated with alcohol 
dependence (odds ratio (OR) 1.18, indicating that the S allele increased the 
odds by at least 18%). In addition, a greater association with the S allele was 
seen among individuals with alcohol dependence complicated by either a 
comorbid psychiatric condition or an early onset of alcohol dependence or 
more severe alcohol dependence [62]. Pinto et al. observed that the S allele of 
the 5-HTTLPR polymorphism was associated with relapse in abstinent alcohol- 
dependent patients [63]. Recently, polymorphism in 5-HTTLPR with the L 
allele has received attention as a marker for alcohol craving. In a study of 124 
male patients who were admitted to an alcohol detoxification treatment pro- 
gram, Bleich et al. found an association between the L allele of 5-HTTLPR poly- 
morphism and higher compulsive alcohol craving at the beginning of alcohol 
withdrawal [64]. In a study of 101 alcohol-dependent patients admitted to the 
hospital, Pombo et al. observed that alcohol-dependent patients who were 
homozygous for the L allele (LL genotype) had self-reported higher scores of 
alcohol craving compared to patients who were homozygous for the S allele 
(SS genotype). However, the results were not statistically significant [65]. 


Another polymorphism of the serotonin transporter gene is intron 2 VNTR, 
which is associated with three distinct alleles with a 9-, 10-, or 12-bp repeat 
(5-HTTVNTR or STin2 VNTR, where “ST” stands for serotonin transporter). 
In a study of 90 Spanish Caucasian alcohol-dependent outpatients, Florez 
et al. observed that STin2 12/12 carriers showed poor 6-month treatment out- 
come during an alcohol rehabilitation program. On the other hand, patients 
with the 10/10 genotype had a better treatment outcome [66]. However, 
other studies have failed to confirm this observation. 


10.7 Polymorphisms of Genes in the Serotonin Pathway and Alcohol Use Disorder oe 


In addition to serotonin transporter gene polymorphism, serotonin receptor 
gene polymorphism has been studied in order to identify a potential associa- 
tion with alcohol use disorder. Serotonin receptors can be grouped into 
seven classes (5-HT,_7), all belonging to the G protein-coupled receptor 
superfamily except for 5-HT3, which is a ligand-gated ion channel receptor. 
The 5-HT, receptors can be subgrouped into five categories (1 A, 1B, 1D, 1E, 
and 1 F), 5-HT, receptors into three categories (2 A—2C), and 5-HT; into 
two categories (5 A and 5B). These receptors are encoded by specific genes. 
Although animal models and imaging studies have suggested a potential role 
of certain serotonin receptors and polymorphism of genes encoding these 
receptors (HTR1A, HTR1B, HTR2A, and HTR3), in the pathogenesis of alco- 
hol use disorders, a limited number of genetic association studies have been 
performed using human subjects, and these studied have produced conflict- 
ing results. Himei et al. studied the genetic association between alcoholism 
and alleles of HTR1A (coding the 5-HT,, receptor), HRT2A (coding the 5- 
HT, receptor), and HRT2C (coding the 5-HT, receptor) genes but found no 
association between alcoholism and these genes. The authors concluded that 
serotonergic receptor genes may not directly contribute to the etiology of 
alcoholism [67]. However, Cao et al. performed a meta-analysis and observed 
an association between polymorphism of the HTR2A (186313; 102 T/C at 
exon 1) gene and susceptibility to substance abuse disorder, particularly alco- 
hol dependence [68]. In a study of 150 alcohol-dependent patients, Wrzosek 
et al. observed a potential role of HTR2A (186313; 102 T/C) polymorphism 
in the development of alcohol dependence. The HTR2A gene is located on 
chromosome 13 (13q14—q21), and this polymorphism is also found in 
higher frequencies among schizophrenics [69]. In another study, the authors 
performed a meta-analysis and observed an association between HTR1B gene 
polymorphisms (rs11568817, —261 T>G and 1rs130058, —161 A>T) and 
alcohol and drug dependence [70]. Yang and Li reported that one haplotype 
formed by SNPs 183891484 and 183758987 in HTR3B was associated with 
alcohol dependence in African American subjects [71]. Xu et al. performed 
haplotype analysis for two SNPs in the HTR4 gene (1817777298 and 
rs10044881) and observed a protective effect of HTR4 AG haplotype in a 
Tibetan population from developing alcohol use disorder [72]. Herman and 
Balogh noted that polymorphisms of serotonin transporter and serotonin 
receptor genes (HTR1B, HTR2A, HTR2C, and HTR3, including HTR3A, 
HTR3B, HTR3C, HTR3D, and HTR3R) likely contribute to substance use dis- 
order, but further research using whole genome sequencing technology and 
large sample sizes is needed to firmly document the association of certain 
polymorphisms of these genes with substance abuse disorder, including alco- 
hol abuse disorder [73]. Polymorphisms of genes encoding serotonin recep- 
tors and transporters that may be linked with alcohol abuse are listed in 
Table 10.4. 
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Table 10.4 Link between Polymorphisms of Genes Encoding Receptors, Transporters, or Enzymes 
Involved in the Serotonin Pathway and Alcoholism 


Gene Involved Chromosome Polymorphism Comments 


5-HTT (serotonin 17q11.1—q12 5-HTTLPR, short (S) S allele results in lower expression of serotonin 
transporter gene) allele, and long (L) allele transporter and is associated with alcohol 
dependence, depression, and other psychiatric 
illness. 
L allele may be associated with alcohol craving, 
but this information is controversial. 
17q11-—q12 5-HTTVNTR (STin2) 12/12 carriers show poor treatment response 
during alcohol rehabilitation, but carriers of the 
10/10 allele show better response. 
HTRZA (serotonin 13q14—q21 SNP (rs6313: 102 T/C) May be associated with alcohol dependence; 
receptor gene) also, this polymorphism is found in patients with 
schizophrenia. 
HTR1B (serotonin 6q13 SNPs (rs11568817: Associated with alcohol and drug dependence. 
receptor gene) 261 T>G and 
rs130058: 161 A >T) 
HTRS8B (serotonin 11q23.1 Haplotype formed by Associated with alcohol dependence in African 
receptor gene) SNPs (rs3891484 and Americans. 
183758987) 
HTR4 5q31—q33 HT4 AG haplotype Protective effect in Tibetan population. 





10.8 POLYMORPHISMS OF GENES IN THE GABA 
PATHWAY AND ALCOHOL USE DISORDER 


The main inhibitory neurotransmitter in the CNS is GABA. The neurotrans- 
mitter GABA binds to specific receptors (GABA receptors) located in the 
plasma membrane of neuronal cells. These receptors are heteromeric protein 
complexes consisting of several homologous membrane spanning glycopro- 
tein subunits. Two main classes of GABA receptors (ionotropic GABA, and 
GABAc receptors), as well as metabotropic GABAg receptors, have been well- 
characterized. GABA, receptors are a family of ligand-activated chloride ion 
channels and a pentameric assembly out of various possible subunits—a,_, 
By_3, ¥1_3, Ô, £, 8, T, and p;_3—and their splice variant |74]. GABAc receptors 
are composed of the p,;_3 subunits. The composition of the most common 
GABA, receptor includes two aj, two Bz, and one 4 subunit. When the neu- 
rotransmitter GABA binds to GABAa,, the conformational structure of 
the receptor is changed, and the membrane pore opens to allow the flow 
of chloride ions. GABAg receptors, which are widely distributed throughout 
the human brain, are G protein-coupled receptors that stimulate the 
opening of potassium channels. GABAc receptors, which differ in complexity 
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of structure, abundance, distribution, and function from GABA, and GABA, 
receptors, can be found in retina, hippocampus, spinal cord, and pituitary 
tissues. 


Neurotransmitter GABA as well as GABA receptors have long been implicated 
in mediating at least some pharmacological actions of alcohol. GABA recep- 
tors are also a molecular target for benzodiazepines and barbiturates, both of 
which show some cross-dependence with alcohol. Studies have indicated 
that GABA, receptors play an important role in alcohol dependence, and the 
functional properties of GABA, receptors are altered following chronic alco- 
hol administration. The mechanism responsible for adaptation of GABA, 
receptors to chronic alcohol administration may involve alcohol-induced 
changes in cell surface expression, subcellular localization, synaptic localiza- 
tion, receptor phosphorylation, and/or changes in GABA, receptor subunit 
composition [75]. Therefore, it is expected that polymorphism of GABA 
genes that encode GABA receptors may be associated with alcohol depen- 
dence, alcohol tolerance, and alcohol withdrawal. 


GABA, receptors are encoded by 16 genes, 14 of which are clustered on the 
following four chromosomes: 4p12—q13 (encoding a», a4, Bı, and 4, subu- 
nits), 5p31—q35 (encoding a1, as, 82, and yz subunits), 15q11—q13 (encod- 
ing as, B3, and +3 subunits), and Xq28 (encoding a3, a4, Ba, and =£: 
subunits). Linkage analysis of multiplex families recruited for the 
Collaborative Study of the Genetics of Alcoholism (COGA) identified a 
region of chromosome 4p that was linked to alcohol dependence. Edenberg 
et al. performed linkage disequilibrium analysis of 69 SNPs within a cluster 
of four GABA, receptor genes (GABRA2, GABRA4, GABRB1, and GABRG1), 
all located on chromosome 4, and observed that the region of strongest asso- 
ciation with alcohol dependence extended from intron 3 past the 3’ end of 
the GABRA2 gene that encodes the az subunit of the GABA, receptor. All 43 
of the consecutive three-SNP haplotypes in this region of the GABRA2 gene 
were significantly associated with alcohol dependence. The authors con- 
cluded that the very strong association of GABRA2 with alcohol dependence 
and 6 frequency of the electrogram suggests that GABRA2 might influence 
susceptibility to alcohol dependence by modulating the level of neural excita- 
tion [76]. This association has been replicated in many different studies 
involving people of European and African ancestry. Further evidence indicates 
that the association might extend beyond GABRA2 to also include the adja- 
cent GABRG1 gene |77]. Based on a study of 257 German alcohol-dependent 
patients and 88 healthy controls, Fehr et al. observed that GABRA2 is a 
susceptible gene for alcohol dependence in a European population. The 
authors identified 1s279836 (T) as the high-risk haplotype. However, 
18279871 (T) and rs279845 (A) belong to the nonrisk haplotype [78]. The 
GABRGI and GABRA2 genes are located in a cluster on chromosome 4p. 
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Although association of alcohol dependence with markers located at the 3’ 
region of GABRA2 has been documented in several studies, some studies sug- 
gest that the association signal may be attributable to the adjacent gene, 
GABRGI, located 90 kb distant in the 3’ direction. Because of linkage disequi- 
librium in European Americans, the origin of the signal is difficult to predict, 
but decreased linkage equilibrium is observed in African Americans. 
Therefore, further study of the African American population may be helpful 
to resolve this issue. Based on a study of 380 African American alcohol- 
dependent patients and 253 African American controls, Ittiwut et al. observed 
an interrelationship between the GRBRG1 and GABRA2 genes and commen- 
ted that there is a likelihood that risk loci exist in each of these genes [79]. 
However, based on a study of 547 Finnish Caucasian men (266 alcoholics) 
and 311 community-derived Plains Indian men and women (181 alcoholics), 
Enoch et al. concluded that GABRA2 and GABRG1 haplotypes appear to be 
independent predictors of alcoholism in both populations [80]. 


The GABA, receptor, which contains the combination of a4, 82, and Ņ2 subu- 
nits, is believed to be assembled following the coordinated expression of 
GABRA1, GABRB2, and GABRG2 genes located on chromosome 5 (5q34) and 
to constitute the major GABA, receptor subtype present in the adult CNS 
(50%). The GABRAG gene is also present on chromosome 5, and all of these 
genes on chromosome 5 have been studied in relation to alcohol use. 
However, results are conflicting. Linkage analyses conducted in the COGA 
samples found no significant linkage in respect of alcohol dependence to the 
region of chromosome 5 containing the GABA, receptors genes (GABRAI, 
GABRA6, GABRB2, and GABRG2). However, in a follow-up study using COGA 
samples, Dick et al. observed an association between polymorphism of the 
GABRAI gene and alcohol dependence, history of blackouts, age at first drunk- 
enness, and level of response to alcohol. The SNP 1rs980791 was significantly 
associated with history of alcohol-related blackouts. Another tagSNP 
184263535 showed significant association with age at first drunkenness [81]. 
Loh et al. observed an association between the GABRG2 gene and alcohol 
dependence comorbid with antisocial personality disorder in a study based on 
a Japanese population [82]. Han et al. observed an association between the T 
allele of the 1519 T > C GABRAG gene and craving for alcohol and food during 
treatment of patients with alcohol dependence [83]. Using a Finnish sample 
of 511 subjects and a Southwestern Native American population of 433 indi- 
viduals, Radel et al. observed an association between the GABRG2 1412 T 
allele and alcohol dependence in both populations. The GABRAG 1519 T allele 
was also associated with alcohol dependence in both populations. The most 
significant signal was observed at three-locus haplotypes that included one or 
more GABRAG polymorphisms [84]. However, another study found no associ- 
ation between GABRA1, GABRAG, GABRB2, and GABRG2 genes located on 
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chromosome 5 (5q34—q35) and alcohol dependence or alcohol-dependent 
comorbid antisocial personality disorder [85]. 


GABA receptor genes (GABRA5, GABRB3, and GABRG3) present on chromo- 
some 15 (15q11.2—q12) have also been investigated for potential association 
with alcohol use disorder. These genes are expressed exclusively from the pater- 
nal chromosome so that the maternal gene should not influence phenotype. 
Using COGA samples and family based association tests, Song et al. observed 
an association between the GABRA5 gene and alcoholism, particularly in the 
Caucasian population. Evidence of an association was also observed during 
paternal transmission of the GABRB3 gene in the Caucasian population. In 
addition, the authors observed consistent although weak linkage disequilib- 
rium between GABRB1 (located on chromosome 4) and alcoholism [86]. In a 
study using both classical trio-based analyses and extended family analyses, 
the authors found consistent evidence of association between alcohol depen- 
dence and polymorphism of GABRG3. However, they found no consistent evi- 
dence of association between GABRA5 or GABRB3 and alcoholism [87]. 


Compared to GABA, receptors, few studies have been performed on the link 
between alcoholism and GABAg receptors as well as genes encoding GABA, 
receptors. Most studies have yielded negative results. However, based on a 
study of 350 German alcohol-dependent subjects and 234 German controls, 
Sander et al. observed a trend of association of an exonic polymorphism 
T1974C in the GABBR1 gene on chromosome 6 (6p21.3) with alcoholism, 
with the T allele being more frequently associated with alcoholism [88]. 
GABA transporters are involved in terminating signal transmitted by GABA. 
The major GABA transporters are GAT-1, GAT-2, and GAR-3 encoded by 
genes SLC6A1, SLC6GA13, and SLCGA11. Although studies to determine an 
association between polymorphism of genes encoding GABA transporters 
and alcoholism have mostly produced negative results, polymorphism of 
these genes may be related to other psychiatric disorders, such as anxiety, 
schizophrenia, and attention deficit hyperactivity disorder. Some of these 
psychiatric illnesses may be observed comorbid with alcohol use disorder. 
Associations of polymorphism of genes that encode GABA receptors with 
alcohol dependence are listed in Table 10.5. 


10.9 POLYMORPHISMS OF GENES ENCODING 
CHOLINERGIC RECEPTORS AND ALCOHOL USE 
DISORDER 


Acetylcholine, a neurotransmitter in the brain and autonomic nervous system, 
is the natural agonist of muscarinic and nicotinic receptors. Muscarinic receptors 
are G protein-coupled acetylcholine receptors in the plasma membrane of 
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Table 10.5 Link between Polymorphisms of Genes Encoding GABA Receptors and Alcoholism 


Gene Involved 


GABRA2 


GABRA1 


GABRA6 


GABRAS, 
GABRB3 


GABRG3 
GABBR1 


4912 


15q11 


15q12 





Chromosome Polymorphism Comments 


SNP (rs279836: T allele) High-risk allele for alcohol dependence. GABRA2 
polymorphism may also be associated with the 
adjacent gene GABRG1 in producing a high-risk 
allele for alcohol dependence, but some 
investigators have commented that both genes are 
independently involved. 

SNP (rs980791) Associated with a history of alcohol-related 
blackouts. 

tag SNP (rs263535) Associated with age at first drunkenness. 

1519 T >C allele Associated with alcohol dependence in various 
populations. However, no association between 
GABA receptor genes on chromosomes GABRA1, 
GABRA6, GABRB2, and GABRG2 has been 
reported. 

.2—q12 Various polymorphisms Association of polymorphisms of these GABA, 
receptor genes with alcohol dependence is 
controversial. 

Various SNPs May be associated with alcoholism. 





6p21.3 T1974C T allele more frequently associated with alcoholism. 


neurons throughout the CNS. Nicotinic acetylcholine receptors are receptor ion 
channels in the autonomic nervous system. Co-occurrence of alcohol and nico- 
tine addiction in humans is well documented, and it is speculated that common 
genetic polymorphisms may affect the two addictions. Human genetics studies 
have indicated that nicotinic acetylcholine receptor genes may play a role in 
mediating early behaviors and risk factors for both alcohol and nicotine depen- 
dence. The nicotinic acetylcholine receptors are also an important component 
of the dopaminergic reward pathway because some of the receptors can activate 
the release of dopamine. Several genetic studies have shown that common 
genetic factors may contribute to alcohol and nicotine co-addiction [89]. 


Genetic studies have indicated an association between two genes that encode 
the nicotinic acetylcholine receptor a, and 8, subunits (CHRNA4 and 
CHRNB2) and alcohol and tobacco dependence. In a study of 1068 ethni- 
cally diverse young adults, Ehringer et al. observed a modest association of 
six SNPs in the CHRNA4 gene with 6 preceding months of alcohol use in 
Caucasians, but they observed no association between tobacco use and 
CHRNA4 gene polymorphism. In addition, the SNP (182072658) located 
immediately upstream of CHRNB2 was associated with the initial subjective 
response to both alcohol and tobacco [90]. Using a Spanish population of 
417 subjects, Landgren et al. studied the possible association between 20 
tagSNPs in five nicotine subunit receptor genes (CHRNA3, -4, and -6 and 
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CHRNB2 and -3) and observed that a haplotype block in the CHRNAG gene 
consisting of four consecutive SNPs (10—13; rs10087172, 1s10109429, 
1s2196129, and rs16891604) was strongly associated with alcohol consump- 
tion. Phasing of this haplotype block resulted in four haplotypes; within this 
haplotype block, two haplotypes of the CHRNA6 gene (CCCC and TCGA) 
showed the strongest association with alcohol consumption. In addition, the 
haplotype in the CHRN4 gene (GGTG) associated with increased body mass 
consists of one synonymous SNP and three intronic SNPs [91]. 


The cholinergic muscarinic receptor 2, implicated in memory and cognition, is 
encoded by the CHRM2 gene, which is located on the long arm of chromosome 7. 
The CHRM2 gene contains a single coding exon and a large 5’-UTR region 
encoded by multiple exons that can be alternatively spliced. Association between 
the CHRM2 gene and alcohol dependence has been reported in genome-wide 
linkage studies. Wang et al. examined 11 SNPs spanning the CHRM2 gene and 
identified 3 SNPs (one in intron 4 and two in intron 5) that showed a highly 
significant association with alcoholism. Haplotype analyses revealed that the 
most common haplotype, TIT (rs1824024—1s2061174—1s324650), was under- 
transmitted to affected individuals with alcohol dependence and depressive dis- 
order [92]. Luo et al. observed that CHRM2 polymorphism (SNP: rs1824024) 
was in Hardy—Weinberg disequilibrium in alcohol-dependent and drug- 
dependent subjects. The authors concluded that polymorphic variation in 
CHRM2 predisposes to alcohol and drug dependence as well as affective disor- 
ders. The 5’-UTR region of the CHRM2 gene, which contains one haplotype 
block harboring SNPs 1—3, may be more important for the development of 
these disorders than other regions [93]. Based on a study of a Korean popula- 
tion, Jung et al. observed that whereas SNP 1s324650 showed marginal associa- 
tion with the risk of alcohol dependence, SNP 181824024 in CHRM2 was 
significantly associated with Alcohol Use Disorders Identification Test (AUDIT) 
score as well as Alcohol Dependence Scale (ADS) scores in patients [94]. Based 
on a study of 97 female college students, Bauer and Ceballos observed an excess 
prevalence of minor allele homozygotes (CHRM2; SNP 18324650) among fre- 
quent binge drinkers. This genotype was previously shown to be associated with 
substance dependence and major depressive disorder [95]. The Link between 
polymorphisms of genes encoding cholinergic receptors and alcoholism is sum- 
marized in Table 10.6. 


10.10 POLYMORPHISMS OF GENES IN THE 
GLUTAMATE PATHWAY AND ALCOHOL USE DISORDER 


Glutamate is the primary excitatory neurotransmitter in the brain acting 
at ionotropic and metabotropic glutamate receptors. Rapid excitation by 
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Table 10.6 Link between Polymorphisms of Genes Encoding Cholinergic Receptors and Alcoholism 


Gene Involved Chromosome Polymorphism Comments 


CHRNA4 20q13.33 Six SNPs Associated with six month 
consumption of alcohol in a 
Caucasian population 

CHRNB2 1q21.3 SNP (rs2072658) located immediately Associated with initial subjective 

upstream of the CHRNB2 gene response to both alcohol and 
tobacco. 

CHRNA6 8p11.21 Various polymorphisms Two haplotypes —CCCC and 
TCGA—showed strongest 
association with alcohol consumption 

Haplotype block with four consecutive Associated with alcoholism 
SNPs (rs10087172, rs10087172, 
rs10109429, and rs2196129) 

7qQ31-—35 Various SNPs Associated with alcoholism 





glutamate involves action of AMPA (a-amino-3-hydroxy-5-methyl-4-isoxazole- 
propionic acid receptor), kainate, and NMDA ionotropic glutamate receptors. 
The NMDA receptor is central to the development and function of the nervous 
system, and it plays an important role in memory and learning. NMDA receptors 
are heterotetramers composed of two glycine-binding GluN1 and two glutamate- 
binding GluN2A—D subunits, whereas the GluN1—GluN2A—GluN2B complex 
is the predominant receptor on the hippocampal synapses. Glycine and p-serine 
binding GluN3 subunits are also expressed throughout the nervous system, but 
their role is less-well-defined. Whereas AMPA and kainate receptors can be acti- 
vated solely by glutamate, activation of NMDA receptors requires binding of gly- 
cine to GluN1 and glutamate to GluN2. Activation of NMDA receptors opens a 
cation-selective calctum-permeable channel causing further depolarization of cell 
membrane and influx of calcium, thus relieving the magnesium block to the 
channel pore [96]. The NMDA receptor genes are located on chromosomes 9q, 
16p, 12p, 17q, 19p, and 19q. 


A number of studies have suggested that some of the alcohol-induced brain 
damage associated with chronic alcohol consumption is mediated through 
changes in NMDA receptors. Increased receptor expression is believed to 
underlie the development of ethanol tolerance and dependence as well as 
acute and delayed signs of withdrawal, particularly agitation and delirium 
tremens [97]. Using human postmortem samples from alcoholics and con- 
trol subjects, Jin et al. observed that mRNA encoding two AMPA receptor 
subunits (GluA2 and GluA3), three kainate receptor subunits (GluK2, GluK3, 
and GluK5), and five NMDA receptor subunits (CluN1, GluN2A, GluN2C, 
GluN2D, and GluN3A) was significantly increased in the hippocampal 
dentate gyrus region in alcoholics compared to controls. However, no 
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difference was observed in the prefrontal cortex. The authors concluded that 
excessive long-term alcohol consumption was associated with altered expres- 
sion of genes encoding glutamate receptors in a brain region in a specific 
manner. Therefore, genetic predisposition to alcoholism may contribute to 
these gene expression changes [98]. 


Genetic polymorphisms of genes encoding NMDA receptors have been stud- 
ied for potential association with alcohol dependence. Five genes encoding 
various subunits (NR1, -2A, -2B, -2C, and -2D) of the NMDA receptor have 
been cloned, and there are eight NR1 splice variants as well as a further 
group of subunits termed NR3. The function of the NMDA receptor is 
reduced by alcohol because alcohol is an antagonist. The NR1a splice var- 
iants of NMDAR1 and NMDAR2B subunits are most sensitive to alcohol. A 
second mechanism by which alcohol inhibits the NMDA receptor is through 
protein phosphorylation. The NMDAR2B subunit has a fyn-kinase phosphor- 
ylation site that may rapidly reduce sensitivity of NMDA receptors to alcohol. 
After chronic ethanol administration, tolerance is developed to the inhibition 
of NMDA receptor function, and consequently, in the absence of alcohol, 
NMDA function is increased. This may be related to upregulation of NMDA 
receptor numbers or altered receptor composition. Peak channel open proba- 
bility is two- to fivefold higher for NMDA receptors composed of NR1a/ 
NR2A subunits than for those composed of NR1la/NR2B subunits. Therefore, 
a change in expression of NR2A and NR2B may alter open—close kinetics of 
NMDA ion channels. 


Wernick et al. investigated allelic variants of genes encoding most ethanol- 
sensitive subunits of NMDA receptors (NRla and NR2B) for possible associa- 
tion with alcoholism using a case—control study of 367 alcoholics and 335 
control subjects of German origin. The authors concluded that polymorph- 
isms of genes encoding NMDA receptor 1 and 2B subunits are associated 
with alcohol-related traits [99]. Although ethanol-inhibited glutamatergic 
neurotransmission has been shown to mediate pathophysiological mechan- 
isms in the development of alcoholism, including withdrawal symptoms, 
and NR2B confers a high sensitivity to ethanol-induced inhibition, no associ- 
ation between an SNP (1s1806201) in the NR2B gene (GRIN2B gene) and 
alcoholism was observed. Moreover, in another study, no association was 
found between two polymorphisms (rs1806201 and 1rs1806191) in the 
GRIN2B gene tested individually or as haplotypes and alcoholism [100]. 
However, Xia et al. observed an association between polymorphism in a 
metabotropic glutamate receptor 3 (GRM3) subunit gene (7q21.1—q21.2) 
and alcohol dependence. In on their study of 248 male alcohol-dependent 
patients and 235 male controls, the authors observed a greater frequency of 
the A allele of SNP rs6465084 in the alcohol-dependent group compared to 
the control group [101]. 
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Glycine transporters are endogenous regulators of the dual function of gly- 
cine, which acts as an inhibitory neurotransmitter at glycinergic synapses and 
as a modulator of neuronal excitation mediated by NMDA receptors at gluta- 
matergic synapses. Two genes encoding glycine transporters (SLC6A5 and 
SLC6A9) have been detected. To clarify the role of glycine transporter gene 
variants in alcohol dependence, Koller et al. studied three SNPs in SLCGA5 
and two SNPs in SLC6A9 but found no association between alcoholism and 
glycine transporter gene polymorphism [102]. Despite some negative find- 
ings between gene polymorphism coding NMDA receptors and alcohol 
dependence, it has been well-established that chronic alcohol abuse produces 
a hyperglutamatergic state characterized by elevated extracellular glutamate 
and altered glutamate receptors and transporters. Pharmacological manipula- 
tion of glutamatergic neurotransmission alters alcohol-related behaviors, 
including intoxication, withdrawal, and craving for alcohol. Currently, two 
medicines—topiramate and acamprosate—extensively studied for use as ther- 
apy for alcohol rehabilitation appear to have a direct effect on glutamatergic 
neurotransmission [103]. 


10.11 POLYMORPHISMS OF GENES ENCODING OPIOID 
RECEPTORS AND ALCOHOL USE DISORDER 


The opioid receptors and endogenous peptide ligands play an important role 
in neurotransmission and neuromodulation in response to alcohol, heroin, 
and cocaine. There are three classes of opioid receptors—, ô, and k—and 
these are widely expressed in the brain. There are three distinct families of 
opioid peptides: endorphins, enkephalins, and dynorphins. Enkephalins 
bind to 6 receptors, dynorphins bind to k receptors, and endorphins bind to 
both p and ô receptors. Relatively recently, two additional short peptides that 
display high affinity for p receptors—endomorphin-1 and endomorphin-2— 
have been characterized. Both u and ô receptors have been implicated in the 
reinforcing effect of alcohol that appears to mediate alcohol-induced dopa- 
mine release in the ventral tegmental area. Human and animal experiments 
have indicated that there is a correlation between opioid peptides, especially 
B-endorphin, and alcohol abuse. Consumption of alcohol increases 3-endor- 
phin levels in specific regions of the brain that are associated with a reward 
system. However, chronic alcohol consumption may cause 3-endorphin defi- 
ciency. 8-Endorphin is functionally connected with a mesolimbic reward sys- 
tem that plays an important role in alcohol addiction. A decrease in 
B-endorphin levels may also be responsible for drug craving and withdrawal 
symptoms. Lowered plasma (-endorphin concentration during alcohol 
withdrawal might contribute to anxiety, whereas intake of alcohol increases 
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B-endorphin levels. Plasma levels of 8-endorphin in subjects genetically at 
high risk for excessive alcohol consumption show lower basal activity of this 
peptide [104]. 


The opioid receptors are encoded by three specific genes: OPRM1 at 
6q24—q25 encodes the u receptor, OPRD1 at 1p36.1—p34.3 encodes the ô 
receptor, and OPRK1 at 8q11.2 encodes the k receptor. Association between 
polymorphisms of these genes and alcohol dependence has been studied 
with both positive and negative results. Li and Zhang obtained genotype 
data for 13 OPRM1 SNPs, 11 OPRD1 SNPs, and 7 OPRK1 SNPs among 382 
European Americans affected by substance abuse disorders (318 with alcohol 
dependence, 171 with cocaine dependence, and 91 with opioid dependence). 
They observed 12 significant patterns in the alcohol dependence data set. In 
addition, 18 significant patterns in the opioid dependence data set and 4 sig- 
nificant patterns in the cocaine dependence data set were observed. The 
majority of significance patterns were comprised of marker alleles of OPRM1 
and OPRD1, suggesting a greater impact of these two genes on alcohol, 
cocaine, and opioid dependence compared to OPRK1. Interestingly, one 
OPRM1 SNP (M2, 1rs511435) and two OPRD1 SNPs (D6, 182298896; D7, 
rs421300) were consistently present in all three significant data sets. The 
authors concluded that variations in the opioid genes can jointly influence 
the vulnerability to alcohol and drug dependence [105]. 


A coding variation in OPRM1 (A118G, rs1799971) has been extensively stud- 
ied because it alters amino acid position 40 in the p receptor protein from 
asparagine to aspartate (Asp40). When this substitution occurs, the 1 receptor 
has a threefold increased affinity for 6-endorphin, although this finding has 
been challenged. This allele has been observed among alcohol-dependent 
subjects. Another polymorphism of the pu receptor gene (C17T), where substi- 
tution in the 17th nucleotide position results in change of an alanine residue 
at position 6 of the receptor protein to valine residue, has also been associ- 
ated with alcohol dependence [104]. 


Alcohol-dependent patients with one or two copies of the A118G polymor- 
phism (Asp40) who are treated with the opioid antagonist naltrexone (naltrex- 
one is effective in treating alcohol dependence) have a significantly lower rate 
of relapse, making naltrexone pharmacotherapy even more effective [106]. 
However, the association between OPRM1 A118G polymorphism and alcohol 
use disorder is controversial. Based on a study of 503 Finnish participants with 
alcohol dependence and 506 sex- and age-matched controls, Rouvinen- 
Lagerstrom et al. concluded that A118G polymorphism of the OPRM1 gene 
may not have any major effect on the development of alcohol use disorder, at 
least in the Finnish population [107]. Ray et al. observed that the contribution 
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of the A118G SNP of the OPRM1 gene to alcohol-induced stimulation, vigor, 
and positive mood was moderated by the DAT1 genotype (VNTR; SLCG6A3). 
The authors concluded that the purported interaction between opioidergic and 
dopaminergic systems plays a role in the reinforcing properties of alcohol 
[108]. Xuei et al. performed a comprehensive assessment of 50 different poly- 
morphism genes coding the opioid system to identify any role in alcohol and 
drug dependence. The authors concluded that there was no evidence of 
involvement of variations of OPRM1, OPRD1, PENK (encoding endogenous 
opioid peptide precursor proenkephalins), and POMC (encoding pro-opiome- 
lanocortin) genes with alcohol dependence or general illicit drug dependence, 
although variations in PENK and POMC appeared to be associated with nar- 
rower phenotype of opioid dependence in these families [109]. 


Studies have indicated that negative feelings and emotions may be related to 
endogenous opioid dynorphin and the k opioid receptor system. Dynorphin is a 
post-translational product of prodynorphin (encoded by the PDYN gene). In a 
study of 1860 European Americans from 219 multiplex alcohol-dependent fami- 
lies, the authors observed an association between multiple SNPs in the promoter 
3’ end of PDYN and in the intron 2 of OPRK1. The variations of these genes 
coding both the «k opioid receptor and its ligand are associated with the risk of 
alcohol dependence [110]. Karpyak et al. genotyped 23 SNPs in PDYN and 
OPRK1 genes in 816 alcohol-dependent subjects and observed a significant asso- 
ciation of the haplotype-spanning PDYN gene (1s6045784, 18910080, 
182235751, and 1s2281285) with alcohol dependence and negative craving for 
alcohol (desire to drink in the context of tension, discomfort, or unpleasant 
emotion). In addition, a candidate haplotype containing PDYN 1s2281285— 
181997794 SNPs was also associated with alcohol dependence and negative crav- 
ing. However, the authors observed no association between variations in the 
OPRK1 gene and alcohol dependence [111]. Preuss et al. also observed an associ- 
ation between increased risk of drinking to avoid/escape unwanted emotions or 
somatic events and the minor allele of rs2281285 of the PDYN gene [112]. 


10.12 POLYMORPHISMS OF GENES ENCODING 
CANNABINOID RECEPTORS AND ALCOHOL USE 
DISORDER 


The endocannabinoid system consists of cannabinoid receptors, endogenous 
cannabinoids, and enzymes for the synthesis as well as degradation of endo- 
cannabinoid. There are two well-characterized G protein-coupled cannabi- 
noid receptors: CB1 and CB2. CB1 receptors are mostly expressed in the 
CNS, whereas CB2 receptors are found in immune cells and peripheral 
tissues. Therefore, CB2 is also referred to as a peripheral cannabinoid 
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receptor. Two fatty acid derivatives that are endocannabinoid—namely ara- 
chidonylethanolamide and 2-arichidonylglycerol—have been isolated from 
nerve and peripheral tissue. Both endogenous compounds mimic pharmaco- 
logical and behavioral effects of marijuana (A?-tetrahydrocannabinol). 
Rodent experiments have shown that CB1 is involved in the neural circuitry 
regulating alcohol intake and motivation to consume alcohol. Chronic con- 
sumption of alcohol results in downregulation of CB1 receptor binding and 
its signal transduction capacity, which may be due to increased synthesis of 
the CB1 receptor agonists arachidonylethanolamide and 2-arichidonylglycerol 
due to chronic alcohol consumption. Therefore, CB1 receptor gene polymor- 
phism may play a role in the development of alcoholism [113]. Using posi- 
tron emission tomography, Ceccarini et al. showed that chronic heavy 
drinking resulted in a decrease in CB1 receptor availability in alcoholic 
patients compared to controls, and such decrease was unaltered during absti- 
nence from alcohol. In contrast, acute alcohol ingestion such as binge 
drinking resulted in increased CB1 receptor availability [114]. 


The CB1 receptor is encoded by the cannabinoid receptor gene 1 (CNR1) located 
on chromosome 6 (6q14—q15). CNR1 appears to be a promising candidate 
gene for association with alcohol and substance abuse. Zuo et al. studied 451 
healthy control subjects and 550 substance abuse (alcohol- or drug-dependent) 
patients and observed that two SNPs in the CNR1 gene (SNP3, 186454674; and 
SNP8, 18806368) were associated with alcohol and/or drug dependence [115]. 
Marcos et al. reported an interaction between the G allele of the rs6454674 SNP 
and the C allele of the 18806368 SNP in alcohol dependence [116]. In another 
study, the authors observed that common intragenic CNR1 polymorphism 1359 
G/A exchange confers vulnerability to alcohol withdrawal delirium in alcoholics, 
especially in homozygous 1359 A/A genotype [117]. Ishiguro et al. observed an 
association between cannabinoid receptor 2 gene polymorphism (Q63R) and 
alcoholism in a Japanese population [118]. However, Herman et al. observed no 
association between four polymorphisms of the CNR1 gene and substance 
dependence (alcohol, cocaine, and opioid) [119]. 


10.13 ADENYLYL CYCLASE AND ALCOHOL USE 
DISORDER 


Adenylyl cyclase comprises a family of enzymes consisting of nine transmem- 
brane proteins (AC 1—9) that display a distinct response to G protein- 
coupled receptors and other regulatory factors leading to the generation of 
cyclic adenosine 3’,5’-monophosphate (cAMP) from adenosine triphosphate 
(ATP). Adenylyl cyclase enzymes play an important role in memory, synaptic 
plasticity, and neurodegeneration. In addition, these enzymes are implicated 
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in the development of addiction, including alcohol use disorder. In general, 
acute alcohol ingestion increases platelet or lymphocyte activity of adenylyl 
cyclase, whereas chronic ingestion of alcohol reduces such activity. Moreover, 
platelet or lymphocyte adenylyl cyclase activities of alcohol-dependent indi- 
viduals are less responsive to various stimulators, such as cesium fluoride, 
forskolin, or guanine nucleotide analogs (e.g., guanylyl imidodiphosphate), 
compared to those of controls. The activity of adenylyl cyclase also decreases 
during alcohol abstinence. However, major depression may also be associ- 
ated with lower levels of forskolin- or cesium fluoride-stimulated platelet 
activity of adenylyl cyclase, thus negatively impacting the validity of using 
adenylyl cyclase as a potential alcohol biomarker. Parsian et al. measured 
adenylyl cyclase activity in membrane preparations of platelets from 51 alco- 
holic subjects and 54 normal controls. The authors observed lower platelet 
activity of adenylyl cyclase in male alcoholics compared to male controls 
[120]. Ikeda et al. also observed lower forskolin- and guanylyl 
imidodiphosphate-stimulated platelet adenylyl cyclase activities in indivi- 
duals with alcohol use disorder [121]. 


The adenylyl cyclase genes (ADCY1—9) have been investigated in relation to 
depression, other psychiatric illness, and substance dependence, including 
alcohol dependence. Adenylyl cyclase isoform 7 is the most sensitive to alco- 
hol. Based on a mouse model, Desrivieres et al. observed that female mice in 
which one copy of the ADCY7 gene was disrupted showed a higher preference 
for alcohol compared to wild-type control mice. No such difference was 
observed with male mice. In addition, the authors studied 1703 patients 
(1349 men and 354 women) who were alcohol dependent as well as 1347 
controls (714 men and 633 women) and observed that SNP rs2302717 was 
associated with female alcohol-dependent subjects. In addition, TA haplotype 
formed by the combination of rs2302717 and 1s719158 was responsible for 
the observed association with alcohol dependence in female subjects. The 
SNP most associated with alcohol dependence is located in intron 5 of the 
ADCY7 gene. The authors concluded that polymorphism of ADCY7 is associ- 
ated with alcohol dependence in human female subjects [122]. Procopio et al. 
examined nine adenylyl cyclase genes for possible association with comorbid 
depression and alcoholism in women, and they identified four haplotypes 
associated with alcoholism in women. One haplotype was in a genomic area 
in proximity to the ADCY2 gene. Two haplotypes were in proximity to the 
ADCY5 gene, and one haplotype was within the coding region of the ADCY8 
gene. Three of these four haplotypes contributed independently to alcoholism. 
The authors concluded that polymorphisms in ADCY2 (in proximity to the 
ADCY2 gene but actually within a lincRNA gene) ACDY5, and ACDY8 genes 
are associated with alcohol-dependent phenotype in females, which is also 
distinguished by comorbid signs of depression [123]. 


10.14 Neuropeptide Y and Alcohol Use Disorder 
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Neuropeptide Y (NPY) is a highly conserved 36-amino acid peptide neuro- 
transmitter with abundant expression in the mammalian brain, especially in 
the hypothalamus (particularly the arcuate and the paraventricular nuclei, 
the hippocampal formation, the amygdala, and the septum). NPY is a major 
endogenous regulator of anxiety-related behavior, neuronal excitability, and 
food intake stimulation. Quantitative trait locus linkage mapping studies in 
rats as well as research with transgenic and null-mutant mice have indicated 
that genetic variation in the locus of the NPY gene may contribute to herita- 
bility of alcoholism in animal models. In addition, mice that were manipu- 
lated to overexpress the NPY gene showed a low preference for alcohol, 
whereas mice in which the NPY gene was deleted preferred alcohol. 
Therefore, variation in the NPY receptor or genes encoding such receptors 
(NPY1R, NPY2R, and NPY5T) may be associated with alcohol dependence as 
well as alcohol withdrawal symptoms, and hypoactivity of NPY receptors 
may be related to alcohol dependence. 


Studies in humans have shown that alcoholics who consume more than 80 g 
of alcohol per day for most of their adult life have decreased NPY immunore- 
activity in the amygdala as well as reduced gene expression in the frontal and 
motor cortices. A functional SNP in the neuropeptide receptor gene, Leu7Pro 
(18161139), has been extensively studied in association with alcohol depen- 
dence. Lappalainen et al. reported a higher frequency of Pro7 allele (Leu7Pro) 
in European American alcohol-dependent subjects compared to controls. The 
authors concluded that the NPY Pro7 allele is a risk factor for alcohol depen- 
dence [124]. Wetherill et al. genotyped 39 SNPs across NPY and its three recep- 
tor genes in a sample of 1923 subjects from 219 multiplex families of 
European American descent recruited from the Collaborative Studies of 
Genetics of Alcoholism (COGA). The authors observed an association of poly- 
morphisms of NPY receptor genes with alcohol dependence, alcohol with- 
drawal, and comorbid alcohol and cocaine dependence, as well as cocaine 
dependence. One SNP in the promoter region of the NPY2R (186857715) gene 
and two SNPs farther upstream of the gene (184333136 and 1s4425326) were 
associated with alcohol dependence. These SNPs were also involved with 
comorbid alcohol and cocaine dependence. Four SNPs in the NPY5R gene 
(184475104, 184314240, 184632602, and rs7678265) were associated with the 
secondary phenotype of withdrawal with seizure. However, neither the NPY1R 
gene nor the NPY5R gene were associated with alcohol or cocaine dependence, 
including the Leu7Pro coding SNP 1rs161139 in NPYIR [125]. In a study of 
German subjects, Zill et al. found no association between Leu7Pro polymor- 
phism as well as two other SNP polymorphisms (G-602 T and T-399C) in the 
NPY gene with alcohol dependence, and they concluded that the analyzed 
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SNPs as well as the corresponding haplotypes in the NPY gene are unlikely to 
play a major role in the pathophysiology of alcohol dependence [126]. 


10.15 POSSIBLE ASSOCIATION OF POLYMORPHISMS 
OF OTHER GENES WITH ALCOHOL USE DISORDER 


Genome-wide sibling pair linkage analyses suggest that a gene or genes in 
chromosome 1 may predispose individuals to alcoholism and other alcohol- 
induced depression [127]. A variant of the serine incorporator 2 gene 
(SERINC2) is associated with alcohol dependence in individuals of European 
descent. In addition, a rare variant constellation across the 
NKAIN1—SERINC2 region was also associated with alcohol dependence. The 
NKAIN1 gene encodes sodium/potassium-transporting ATP subunit 8, inter- 
acting protein. The authors concluded that SERINC2 is a replicable and sig- 
nificant gene specific for alcohol dependence in individuals of European 
descent [127]. Zuo et al. identified a significant risk region for alcohol and 
cocaine codependency between the [PO11 gene (which encodes the importin 
11 receptor) and the HTR1A gene on chromosome 5q. The authors specu- 
lated that the IPO11—HTR1A region might harbor a causal variant for alco- 
hol and nicotine dependence [128]. Using GWAS based on data from Study 
of Addiction: Genetics and Environment (SAFE) and COGA, Han et al. iden- 
tified a subnetwork of 39 genes that were associated with alcohol depen- 
dence [129]. In addition, studies have also revealed a possible association 
between new candidate genes and alcohol dependence, including cadherin 
11, cadherin 13, GATA binding protein 4 (GARA4), and the potassium large 
conductance calcium-activated channel subfamily M, a member 1 gene 
(KCNMA1) [130]. GWAS involving 26,316 individuals showed that SNP 
1s6943555 in the autism susceptible candidate 2 gene (AUTS2) was associ- 
ated with alcohol consumption with genome-wide significance [131]. 
Chojnicka et al. studied AUST2 gene polymorphism in 625 individuals who 
committed suicide and 3861 controls in a Polish Caucasian population and 
observed an association of the rs6943555 A allele with people who commit- 
ted suicide under the influence of alcohol. The authors speculated that the 
186943555 allele may be linked to adverse emotional reactions to alcohol 
[132]. Clarke et al. observed that polymorphism of the KCNJ6 (1s2836016) 
gene that encodes G protein-coupled inwardly rectifying potassium channel 
2 (GIRK2) was associated with alcohol dependence in adults [133]. 


10.16 EPIGENETICS AND ALCOHOL USE DISORDER 


Epigenetics refers to chemical processes that may alter gene activity without 
changing the sequence of DNA. Chromosomes are composed of chromatin 
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structures, and chromatin is made of nucleosomes consisting of DNA strands 
wrapped around bead-like histone octamers. In humans, the most 
stable epigenetic change is methylation of DNA, in which a methyl group is 
added to cytosine. DNA is methylated at position 5 of the cytosine pyrimi- 
dine ring by transfer of a methyl group from 5-adenosyl methionine, a reac- 
tion catalyzed by DNA _ methyltransferase. DNA methylation is a 
stable chemical mark maintained through the cycle of cell division, and DNA 
methylation mainly takes place at CpG sites (the region of DNA where a 
cytosine is present next to a guanine nucleotide). Histone protein can be 
modified by at least six different pathways: acetylation, methylation, phos- 
phorylation, ubiquitinylation, ADP  ribosylation, and  sumoylation. 
Epigenetic changes can regulate gene expression by modulating the structure 
of the chromatin without changing the DNA code, and aberrant epigenetic 
mechanisms are implicated in the development of many diseases, including 
cancer and cardiovascular, immunological, and neuropsychiatric disorders. 


Gene—environment interaction can be mediated by epigenetic mechanisms, 
and alcohol consumption is one environmental factor that may alter epigenetic 
structure and related gene expression. Alcohol causes site-selective acetylation, 
methylation, and phosphorylation in histone [134]. Homocysteine plays an 
important role in DNA methylation because it is metabolized to methionine, 
which is then activated to S-adenosyl methionine by ATP. S-adenosyl methio- 
nine is the most important methyl group donor in the methylation of DNA. 
Elevated homocysteine levels have been observed in alcohol-dependent 
patients, causing an increased level of DNA methylation. However, hypomethy- 
lation of DNA has also been reported. Alterations in promoter DNA methyla- 
tion levels in alcohol-dependent patients have been reported for many genes 
encoding various proteins, including homocysteine-induced endoplasmic retic- 
ulum protein (HERP), a-synuclein (SNCA), vasopressin (AVP), nerve growth 
factor (NGF), atrial natriuretic peptide (ANP), NMDA 2b receptor subtype 
(NR2B), MAOA, 5-HTT, u opioid receptor (OPRM1), prodynorphin (PDYN), 
pro-opiomelanocortin (POMC), and dopamine transporter (DAT) [130]. 


Increased DNA methylation of the SNCA gene in alcoholic patients has been 
reported. DNA hypermethylation in the promoter region of the SNCA gene 
may cause downregulation of SNCA expression, which may eventually dis- 
rupt dopaminergic neurotransmission. Elevated promoter methylation within 
the HERP gene in peripheral blood cells of alcohol-dependent patients has 
also been reported. Suppressed expression of HERP under conditions of alco- 
hol consumption may be related to the elevated rate of seizure and neurolog- 
ical damage. Hypermethylation of the sequence of the DAT promoter gene 
has been observed in alcohol-dependent patients. A negative association 
between DAT methylation and alcohol craving has also been observed. 
Human studies based on peripheral blood cells have shown a significant 
association between high lifetime alcohol consumption as well as high daily 


280 CHAPTER 10: Genetic Markers of Alcohol Use Disorder 


consumption and lower DNA methylation in the genomic sequence of the 
NR2B gene in alcohol-dependent patients. It is possible that upregulation of 
the NR2B receptor in alcohol-dependent patients may be partially explained 
by DNA methylation of the gene. Epigenetic alteration of the POMC gene 
that encodes POMC in alcohol-dependent patients has also been observed. 
POMC is modified post-translationally into several active hormones, particu- 
larly ACTH, that play an important role in regulation of the HPA axis. 
Dysfunction of the HPA axis due to alcohol consumption has been reported. 
DNA methylation status in the gene sequence of POMC at single CpG sites 
differs between patients with alcohol dependence and healthy controls, and 
a specific CpG cluster shows significant association with alcohol craving. 
Therefore, epigenetic alteration by alcohol, particularly changes in DNA 
methylation, may contribute to dysfunction of the HPA axis in alcohol- 
dependent individuals. However, the epigenetics of alcohol dependence is an 
emerging field of investigation, and the role of epigenetic alterations by alco- 
hol, including DNA methylation and histone modification in altered tran- 
scription factors, in alcohol dependence is still limited. Thus, results should 
be interpreted with caution [135]. 


MicroRNAs (miRNAs), a class of noncoding RNAs (approximately 17—22 
nucleotides long) transcribed by RNA polymerase II, are post-transcriptional 
modulators of gene expression. More than 500 miRNAs have been discov- 
ered in humans, and they control cellular proliferation, differentiation, and 
apoptosis [136]. miRNAs are highly abundant in the brain and play an 
important role in neuronal differentiation, brain development, synapse for- 
mation and plasticity, and neurodegeneration. In addition, miRNAs also 
appear to mediate the cellular adaptation induced by nicotine, cocaine, 
opioids, and alcohol. Research has shown that expression of 35 miRNAs is 
upregulated in the brain of alcoholics. Approximately 30% of 35 miRNAs 
upregulated in human alcoholics (miRNAs 34, 92, 140, 146, 152, 194, 196, 
203, 369, and let-7) are modulators of immunity. The miRNA 203 regulates 
interleukin-6 and interferon-a signaling through targeting of the suppressor 
of cytokine signaling 3 (SOCS3). The upregulation of miRNA 101 in alco- 
holics may be involved in modulation of GABAergic transmission in 
response to alcohol consumption. These results support a role of miRNA- 
dependent inhibition of gene expression in the prefrontal cortex of human 
alcoholics. Therefore, discoveries of miRNA signatures in the brains of 
human alcoholics support the hypothesis that changes in gene expression 
and regulation of miRNA are responsible for long-term neuroadaptation 
occurring during development of alcoholism [137]. Lewohl et al. also 
observed upregulation of approximately 35 miRNAs in the prefrontal cortex 
of 14 alcoholics compared to 13 controls, and they commented that reduced 
expression of certain genes in human alcoholics may be due to upregulation 


of miRNAs [138]. Manzardo et al. reported an association of alcoholism with 
upregulation of a cluster of miRNAs located in the genomic imprinted 
domain of chromosome 14q32, with predicted gene targets involved in oli- 
godendrocyte growth, differentiation, and signaling [139]. A genetic poly- 
morphism of the miRNA-146a gene (C.G; 182910164) is associated with 
susceptibility to alcohol use disorder [140]. 


10.17 CONCLUSIONS 


Many studies have shown an association between specific genes and alcohol 
use disorder, and the role of alcohol dehydrogenase and aldehyde dehydro- 
genase gene polymorphisms that protect from alcohol use disorder has been 
well documented through many studies, including GWAS studies. It is also 
important to note that certain polymorphisms in alcohol and/or the alde- 
hyde dehydrogenase gene may increase the risk of alcohol use disorder. 
Studies continue to reveal other genes in which variants affect the risk of 
alcoholism or related traits, including GABRA2 and CHRM2, but no single 
gene is associated with alcoholism. Children of alcoholic parents have a 4- to 
10-fold higher risk of developing alcohol use disorder, and it is currently 
assumed that genetic factors contribute 40—60% to the development of alco- 
hol use disorders. Therefore, complex interaction between environment and 
genes is also linked with alcohol use disorder. Epigenetics is emerging as an 
important field in understanding the pathogenesis of alcohol use disorder. 
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